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Maxillary expansion is an orthodontic procedure that is used to treat the transverse maxillary deficiency. 
This procedure increases the transversal measurement of the maxilla taking advantage of the presence 
of the fibrous tissue that joins the two horizontal portions of the palate, known as midpalatal suture. 
To overcome sorne adverse effects that are generated with this treatrnent, orto make changes in the 
technique, it is necessary to understand the behavior of the suture and the surrounding tissues. Conse-
quently, this work seeks to evaluate the midpalatal suture formation processes, and its response to the 
presence of externalloads such as those generated during the expansion, from both an experimental 
and computational perspective. Therefore, the project was developed by means of an experimental 
model, a computational mechanobiological model, a biomechanical computational model in 2D and a 
biomechanical computational model in 3D. For the development of the experimental model, an in vivo 
procedure was standardized to observe the effect of tensile loads on cellular activity inside the suture 
and on the expressions of sorne molecular factors located at the bone-suture-bone interface. The proce-
dure can be used as a reference for future research on this suture. With respect to the mechanobiological 
model, the mathematical model proposed achieves to reproduce the cellular migration phenomena that 
are carried out as a consequence of the expansion loads application and simula tes the remodeling pro-
cesses that occur at the bone margins, replicating the initial states of the midpalatal suture morphology 
in humans and generating more complex interdigitation patterns in expanded sutures. In relation to 
the biomechanical models, it was possible to evaluate the influence of certain parameters, such as the 
interdigitation degree and the anchorage type used, in the structural behavior of the oral cavity when 
it is subjected to an maxillary expansion treatment. The experimentally findings and the biomechanical 
models derived from this research can be used by dentists and clinicians to understand sorne events that 
happen into the oral cavity during the period of treatrnent. On the other hand, the mechanobiological 
model could be the first approach looking for reproduce the molecular and cellular interaction into the 
midpalatal suture, when a maxillary expansion is applied, by a combination of a basic chemotaxis model 




La expansión del maxilar es un procedimiento ortodóntico que se utiliza para tratar la deficiencia 
transversal del maxilar. Este procedimiento incrementa la medida transversal del maxilar aprovechando 
la presencia del tejido fibroso que une las dos porciones horizontales del paladar, conocido como su-
tura medial palatina. Para superar algunos efectos adversos que se generan con este tratamiento, o 
realizar cambios en la técnica, es necesario entender el comportamiento de la sutura y de los tejidos 
que la rodean. En consecuencia, este trabajo busca evaluar los procesos de formación de la sutura 
medial palatina, y su respuesta a la presencia de cargas externas como aquellas generadas durante la 
expansión, desde una perspectiva tanto experimental como computacional. Por lo tanto, el proyecto 
fue desarrollado por medio de un modelo experimental, un modelo computacional mecanobiológico, 
un modelo computacional biomecánico en 2D y un modelo computacional biomecánico en 3D. Para el 
desarrollo del modelo experimental se estandarizó un procedimiento in vivo que permitió observar el 
efecto de las cargas de tensión sobre la actividad celular al interior de la sutura y sobre las expresiones 
de algunos factores moleculares localizados en la interfaz hueso-sutura-hueso. El procedimiento podrá 
ser utilizado como referencia para la realización de futuras investigaciones en esta sutura. Con respecto 
al modelo mecanobiológico, el modelo matemático planteado logra reproducir los fenómenos de mi-
gración celular que se producen como consecuencia de la aplicación de cargas de expansión y simula 
los procesos de remodelado que acontecen en los márgenes óseos, replicando los estados iniciales de la 
morfología de la sutura medial palatina en humanos y generando patrones de interdigitación de mayor 
complejidad en suturas expandidas. En relación a los modelos biomecánicos, fue posible evaluar la 
influencia de ciertos parámetros, como el grado de interdigitación y el tipo de anclaje empleado, en 
el comportamiento estructural de la cavidad oral cuando es sometida a un tratamiento de expansión 
del maxilar. Los hallazgos experimentales y los modelos biomecánicos derivados de esta investigación 
pueden ser utilizados por odontólogos y clínicos para comprender algunos eventos que ocurren en la 
cavidad oral durante el período del tratamiento. Por otro lado, el modelo mecanobiológico podría ser 
el primer enfoque que busca reproducir la interacción molecular y celular en la sutura medial palatina, 
cuando se aplica una expansión del maxilar, mediante una combinación de un modelo de quimiotaxis 




A expansíio maxilar é um procedimento ortodóntico usado para tratar a deficil!ncia transversal maxilar. 
Este procedimento aumenta a medida transversal da maxila aproveitando a presen<;a do tecido fibroso 
que une as duas por<;oes horizontais do palato, conhecido como sutura palatina mediana. Para superar 
alguns efeitos adversos que sao gerados com este tratamento, ou para fazer mudan<;as na técnica, é 
necessário entender o comportamento da sutura e dos tecidos adjacentes. Consequentemente, este 
trabalho procura avaliar os processos de forma<;íio da sutura palatina mediana e sua resposta a pre-
sen<;a de cargas externas, como as geradas durante a expansíio, tanto do ponto de vista experimental 
quanto computacional. Pt>rtanto, o projeto fui desenvolvido por meio de um modelo experimental, um 
modelo mecanobiológico computacional, um modelo biomedmico computacional em 2D e um modelo 
biomedmico computacional em 3D. Para o desenvolvimento do modelo experimental, se padronizou 
um procedimento in vivo para observar o efeito das cargas de tra<;íio sobre a atividade celular no inte-
rior da sutura e sobre as expressoes de alguns fatores moleculares localizados na interface osso-sutura-
osso. O procedimento pode ser usado como referencia para futuras pesquisas sobre essa sutura. Com 
rela<;íio ao modelo mecanobiológico, o modelo matemático proposto consegue reproduzir os fenómenos 
de migra<;íio celular que ocorrem como conseqül!ncia da aplica<;ao de cargas de expansíio e simula os 
processos de remodela<;ao que acontecem nas margens ósseas, replicando os estados iniciais da morfolo-
gia da sutura palatina mediana em humanos e gerando padrees de interdigita<;ao mais complexos em 
suturas expandidas. Em rela<;ao aos modelos biomedmicos, foi possível avaliar a influl!ncia de determi-
nados paríl.metros, como o grau de interdigita<;ii.o e o tipo de ancoragem utilizado, no comportamento 
estrutural da cavidade bucal quando esta é submetida a um tratamento de expansao da maxila. Os 
resultados experimentais e os modelos biomecíl.nicos derivados desta investiga<;íio podem ser utilizados 
por dentistas e clínicos para entender alguns eventos que ocorrem na cavidade bucal durante o período 
do tratamento. Por outro lado, o modelo mecanobiolológico poderla ser a primeira abordagem que 
procura reproduzir a intera¡;ao molecular e celular na sutura palatina mediana, quando se aplica urna 
expansíio da maxila, através de urna combina<;ao de um modelo quimiotáxico básico e um modelo de 
rea<;íio-difusao. 
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Chapter 1 
Introduction 
Transverse maxillary deficiency is an oral pathology associated with dento-skeletal alterations and cha-
racterized by a less transverse dimension in the maxilla (Dimension D, Figure 1.1(a)). This pathology 
generates sorne problems such as malocclusion (Figure 1.1(c)), crowding ofthe anterior teeth, aesthetic 
problems or, in more advanced cases, respiratory problems (with an incidence of 3 -18%) [1-3]. A 
way to treat this pathology is by Maxillary Expansion (ME) [ 4 ], an orthopedic procedure that employs 
a device (Figure 1.1(a)), conventionally a palatal expander, fixed to the posterior teeth to separate the 
two maxillary bones [5, 6]. For the expansion, the mechanism has a screw that is normally activated 
daily until the desired distance is achieved; after that, the device is kept in the patient as a retainer for 
a period of 3 to 18 months [ 4]. This treatment is possible dueto presence of a facial suture known 
as Midpalatal Suture (MPS). lt is the line that joins the horizontal portions of the two palatine bones 
(Figure 1.1(b)) [7]. Normally, the MPS is highly sensitive to mechanical stimulus [8] and changes 
its morphology during growth, taking a rough and sinuous shape, until forming an interdigitated pa-
ttern [9-11]. According to the literature, with the ME, the opening range ofthe suture can reach values 
from 1.6 to 4.3mm in the anterior region and from 1.2 to 4.4mm in the posterior one [ 4 ]. However, 
even though the ME is the most common treatment to the transverse maxillary deficiency, it presents 
sorne complications such as alveolar flexion processes and dental tipping of the posterior region in the 
vestibular direction [2, 4, 12-14], reduction of the cortical bone height [14] and alveolar plate [15], 
possible generation of root resorption [16], periodontal complications [2], among others. 
(a) (b) (e) 
Figure 1-1: Considerations to understand the transverse maxillary deficiency: a) Transverse 
dimension in the maxilla (D). Adapted from [17]. b) Midpalatal Suture (MPS). Adapted from [18]. e) 
Example of malocclusion problems. Adapted from [ 19]. 
To approach the ME problems, and propase modifications to this treatment, like to incorporate the 
skeletal anchorage, it is necessary to understand the behavior of the suture and tissues that surround 
it. Therefore, the study presented here employed a computational simulation to represent the biome-
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chanical and mechanobiological response of the tissues involved to mechanical stimulus. Consequently, 
the study was divided in three parts: the experimental, the mechanobiological and the biomechanical 
part. The first one was an experimental analysis on the mice MPS, where the molecular and cellular 
response to externa! mechanicalloads were observed. The second one was a mechanobiological model 
that tries to reproduce the cellular and molecular behavior that was observed in the experimental part 
and a proposed extrapolation to the human MPS. The third one was a biomechanical model where the 
influence of the suture interdigitation partero, the devices used for the expansion and the anchorage 
type were evaluated. 
The experimental results showed a high dependence between the molecular and cellular behavior and 
the mechanical stimulus. lt was possible to identify sorne of the molecular factors that are activated 
when an expansion force is applied over the suture and the cellular response to this phenomenon. Based 
on the literature, a methodology to characterize the expansion force and evaluate the consequence of 
variations on the force value was also developed. The mechanobiological results showed a good appro-
ximation of the events that take place inside the suture and that were described by the experimental 
model and by sorne authors like Hou et al. [8], Ennes et aL [lO] and Consolara et al. [20]. Finally, the 
biomechanical results showed the influence of the suture interdigitation on the bone and suture stress 
distribution and the effect of the expander and anchorage type in the mechanical response of the whole 
structure. 
1.1 State of the art 
The human skull is a complex and multifunctional structure composed of approximately 29 bones and 
can be divided in viscerocranium and neurocranium [21,22]. The viscerocranium is composed ofthe fa-
cial bones and origina tes, mainly, in the cartilage of the first two pharyngeal arches. The neurocranium, 
formed by the bones that support and protectthe brain, develops from the mesenchymal tissue [ 21-23]. 
The cranial bones are joined by sutures, which are composed of multiple lineages of connective tissue 
cells such as mesenchymal, fibroblastic, osteoblastic, osteoclastic and vascular cells [24-27]. The bones 
that limit the sutures are usually of intramembranous origin and grow by ossifying the suture bounda-
ries [ 24]. Figure 1-2 shows the principal sutures of the cranial cavity: the coronal (between the frontal 
and parietal bones), the midsagittal suture (which divides the two parietal bones), the lamboid suture 
(between the occipital bone and the anterior part of the parietal bones) and the temporo-parietal suture 
(located between the temporal and parietal bones) [23, 28-30]. The suture of interest in this work is 
the midpalatal suture. As mentioned earlier, it is the line thatjoins the palatine bones [7] and it has an 
important role when performing a maxillary expansion. 
The Midpalatal Suture and the Maxillary Expansion have been analyzed since the 1970s [12]. The 
developed studies can be classified as descriptive, experimental, mechanobiological and biomechanical 
models. The first ones seek to evaluate medica! images or clinical procedures to describe aspects such 
as suture morphologies, collateral effects of the ME application, effectiveness of the treatrnent, etc. 
The experimental studies aim at evaluating the biological response of the tissues when the mechanical 
environment is changed; for example, when the expansion forces are applied. The mechanobiological 
models try to represent the cellular and molecular behavior and its effect in the evolution of the suture 
morphology under mechanical stimuli. Finally, the biomechanical models are related with the structural 
response of the oral cavity; suture material behavior, treatrnent effectiveness, stress and displacement 
distributions, among other parameters have been analyzed. Next, a brief description of the state of the 
art will be provided. 
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danyfcaramé([) 
Figure 1-2: Components of greater relevance in the cranial cavity. a: frontal bone (right and left); b: 
parietal bone (right and left); e: occipital bone; d: temporal bone (right and left); e: frontal suture; f: 
coronal suture (right and left); g: sagittal suture; h: lambdoid suture; i: temporo-parietal suture; j: 
anterior fontanelle; k: posterior fontanelle; m: mastoid fontanelle; n: sphenoidal fontanelle. Taken 
from [29]. 
1.1.1 Descriptive analyzes 
One purpose of the investigations based on medical images and clinical studies is to evaluate the ossi-
fication state of the suture in search of a criteria about the convenience of the ME treatment. Thus, it 
has been possible to establish that the MPS ossification begins, mainly, in the adulthood at the posterior 
region [31] and that ossification is less than 50% in patients under 25 years old [32]. Angelieri et al. 
found that the MPS can be classified, according to its maturation, in five states (Figure 1-3). In the 
state A, the suture is a straight line with high density and without interdigitation. In the state B the 
MPS takes a scalloped shape and maintains the density. The state C is characterized by two scalloped 
lines clase to each other with sorne spaces of low density. Finally, states D and E are evident when the 
suture fusion in the palatine bone and in the anterior part of the maxilla occurs, respectively [9]. 
o 
Stage A Stage B Stage C Stage D Stage E 
Figure 1-3: Maturation states of the MPS proposed by Angelieri et al. [9]. Taken from [9]. 
On the other hand, sorne studies are focused on the tissues response and the side effects of the ME ap-
plication. Franchi et al. [33], Schauseil et al. [34] and da Silva Filho et al. [35] evaluated the retention 
period, after the ME application, as a function of the density tissue inside the suture. They concluded 
that the mínimum time lapse of retention should be six months because it is the necessary time for 
the tissue reorganization and for the recovery of the density values. For their part, Lione et al. [ 4 ], 
McNamara et al. [36] and Pereira-Filho [3] investigated the morphological changes in the craniofacial 
complex due to the expansion. The first group found the opening range (1.6 to 4.3mm in the ante-
rior region and 1.2 to 4.4mm in the posterior region), the teeth tipping range (3.4° to 9.2°) and the 
alveolar bone bending range (5.1 o to 11.3°) generated during the treatment [ 4]. The second authors 
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associated transverse maxillary deficiency not just with oral problems, like teeth crowding, but with res-
piratory pathologies, like apnea, and they suggested that an early ME could reduce its symptoms [36]. 
In contrast, when the last research group studied the effectiveness of the ME in the apnea treatment, 
they observed that the ME isolated does not produce significant changes in the airway dimension [3]. 
In relation to the side effects, the authors used cephalometric measurements and they agreed that the 
unwanted effects are minimal in the long term [ 4, 37, 38] 
Finally, other topic of interest is the variations that the ME treatment could have; normally, variations 
related to the expander and to the anchorage type. Sandik<;ioglu et al. [39] and Ciambotti et al. [13] 
analyzed different types of expander to evaluate their behavior and effectiveness. Sandik<;ioglu et al. 
used devices that genera te slow, semirapid and rapid expansions and found that the three types produce 
similar skeletal and dental results with the greater effect in the transverse plane. Therefore, the authors 
recommend the semirapid and rapid expansion dueto the treatment period [39]. Ciambotti et al. com-
pared a conventional Hyrax and a nickel titanium expander, demonstrating that the first one produced 
a more reliable expansion while the second generated more dental tipping and dental rotation [13]. 
Regarding the anchorage types, the studies have assessed devices that are supported on the teeth (den-
tal anchorage, Figure 1.4(a)), on the bone (skeletal anchorage, Figure 1.4(b)) and on the both parts 
(hybrid anchorage, Figure 1.4(c)). According to the literature, the different types of anchorage produce 
similar results in the transverse dimension [ 40-43] and it seems that the hybrid anchorage is a good 
alternative to dental anchorage due to avoids the side effects of the treatment [34, 42,44 ]. 
(a) (b) (e) 
Figure 1-4: Anchorage types forME: a) Dental anchorage. Taken from [ 45]. b) Skeletal anchorage. 
Taken from [ 40]. c)Hybrid anchorage. Taken from [ 46]. 
1.1.2 Experimental analyzes 
The experimental investigations were developed in both in vivo and in vitro studies. From a mechanical 
point of view, the analyzes seeked to explore the relationship between the mechanical environment and 
the bone and sutural tissue response. Henderson et al. made a tracking of the changes in the geometric, 
structural and material properties of rat sutures during their first 60 days of life. The results showed 
that the cranial expansion modifies the sagittal suture and, for this reason, the width and stiffness of the 
suture are age--depend properties [ 47]. Parr et al. analyzed the viability to employ endosseous implants 
to perform expansion procedures on animals. They observed that low forces, applied on this type of 
implants, caused a decrease in the percentage of the bone volume and an increase in the percentage 
of the suture volume, which could be interpreted as a successful expansion [ 48]. Liu et al. applied 
constant loads of O, 50, 100 and 200gf on the New Zeland rabbits midsagittal suture and quantified the 
sutural separation, the movement of the anchorage and the advance of the bone margins. The findings 
revealed a relationship between the force magnitude, the sutural separation and the bone formation in 
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the suture [ 49]. Peptan et al., Vij et al. and Oppenheimer et al. evaluated the influence of the cyclical 
loads on the bone and sutures behavior. They concluded that this type of mechanical stimulus promotes 
the osteoblastic and osteoclastic differentiation and, with it, the bone remodeling processes and bone 
deposition into the suture, even reaching the fusion [26, 27, 50]. Tanaka et al. performed two studies 
on rats and they look for the type III collagen reaction to a constant load. The interest in this particular 
collagen is because it is the main component of the sutura! fibrous tissue. The authors could see that 
the presence and duration of tensile stress are related with the location of type III collagen and with the 
biomechanical behavior of the suture [51, 52]. 
The biochemical activity is a key factor to understand the regulation of the ossification process [22, 53-
56], the pathogenesis ofsome bone diseases [57-59] and the tissue response and adaptation to externa! 
signals, like mechanical stimulus [60, 61]. Roth et al. demonstrated that the Transforming Growth 
Factors (TGF- (:J) are present into the suture, more intensively in the margins where the osteoblasts 
are differentiating themselves in bone. However, T G F-(:J 3 were detected at higher levels in the margins 
of the unfused suture, which could be interpreted as the responsible for inhibiting the ossification [ 62]. 
For their pan, Sawada et aL and Uu et al. focused on the factors that promote the bone formation and 
found that the factors involved in this process are TGF- (:J 1 and rhBMP- 2 [63, 64]. In addition to 
this, the investigation developed by Hirukawa established that tension loads increase the production of 
growth factors (such as IGF) causing the proliferation ofthe osteoblastic and fibroblastic cells [65]. 
So far, the aforementioned investigations have been developed in cranial sutures; however, sorne inte-
resting analyzes for this investigation are those directed to the midpalatal suture, as such. Hou et al. 
described two projects in arder to track the cellular response into the suture when subjected to expan-
sion loads. To this end, they made morphological studies to establish the general behavior of collagen 
fibers and other cells such as chondrocytes. They analyzed cell proliferation, osteblastic activity, type 
1 collagen expression and the role of the Polycystic kidney disease 1 (Pkdl) in the mechanotransduc-
tion process. As a result of this research, it was possible to observe that the expansion forces promote 
the osteoclasts activation and the proliferation and differentiation of periosteal cells, which can repre-
senta bone remodeling process. The expansion also demonstrates the Pkdl relevance on the cellular 
response; for example, the absence of this protein increased the chondroprogenitor apoptosis. An im-
portant fact is that, after expansion, the suture returns toa width and structure similar to the original 
suture [8,66]. On the other hand, Burn et aL worked on young pigs and evaluated the effects of redu-
cing chewing forces on the growth and morphology of the MPS. They concluded that the modification 
of the diet in the animals affected the bone margins development and the suture ossification, observing 
less bone in pigs with a soft diet than with a normal diet [67]. 
1.1.3 Mechanobiological models 
The mechanobiology studies the tissues response to biophysical stimuli in a cellular scale. Factors like 
molecular signaling, cellular production and differentiation and the effects of externa! forces have been 
evaluated [68-70]. A way to treat these type of analysis is by the use of mathematical models, which 
are a representation of reality in mathematicallanguage [71]. For example, Khonsari et al. argue that 
the growth and pattern of craniofacial sutures is subjected to the effect of mechanical stress. They 
propase a theoretical model based on the orientation of collagen fibers in response to local stress. The 
model establishes that, at the beginning, the osteogenic cells are in the center of the mesenchymal area 
and the collagen fibers do not have a defined orientation (Figure l.S(a)). Then, when the suture is 
subjected to loading, the collagen fibers are organized in the load direction, from the convex to the 
concave. During this process, the osteogenic cells migrate towards the suture boundary preferring to 
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locate in the convex areas, generating deposition, and avoiding the concave ones, producing resorption 
(Figure 1.5{b)). For the development of this study, a transport-diffusion model was used, which was 
limited to the beginning of interdigitation, without reaching ossification (Figure 1.5{c)). A reason to 
this is that they did not know how to maintain the relationship between the load and the generation of 
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(a) (b) (e) 
Figure 1-5: Description of the Khonsari's model: distribution of collagen fibers (blue lines) and 
location of osteogenic cells (red circles) in the mesenchymal tissue a) at the process beginning and b) 
after load application. c)Initial and final state of the suture. Taken from [25]. 
A different approach was developed by Zollikofer et al. based on the suture morphology. They per-
formed a bidimensional model that reproduces a diversity of sagittal suture morphologies, generating 
the morpho-space, and selecting the parameters that reproduce the shape that best fits a real suture. 
According to the study, the sutural growth corresponds toa deposition and reabsorption processes as a 
function of the local strain gradient. For this, they divided the domain into two coupled systems (Figure 
1-6) which allowed, simultaneously, the presence ofreabsorption in one side and deposition in the other 
one, and vice versa [72]. 
Figure 1-6: Outline of the two-dimensional model proposed by Zollikofer et al .. Taken from [72]. 
On the other hand, Miura et al. seeked to explain the suture ossification from a reaction-diffusion 
system. The model represents the cellular tissue behavior and shows the evolution of the suture mor-
phology, first as a straight line and then with an interdigitation pattern, reaching levels of fractality. 
According to the authors, the presented model reproduces the maintenance of suture thickness in the 
early stages, the subsequent modification of the straight suture to interdigitated bone forms and the 
formation of fractal structures. lt should be noted that the model reproduces the non-ossified sectors, 
such as those highlighted with red circles (Figure 1-7). In addition, they performed an in vitro study 
where bone resorption was observed, without the presence of explanted tissue growth. This suggests 
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that the interdigitation process occurs independently of the brain growth and the calvary expansion. 
That is, they propase that mechanicalloads are not the only ones that influence the interdigitated pat-
tems formation [73]. The investigation presented by Yoshimura et al. also uses a reaction-diffusion 
system. The authors based their work in the Allen-Cahn equation and point out that it was the first 
model capable to simulate the formation of the interdigitation pattem without establishing the final 
thin of the suture tissue before starting the interdigitation process. Figure 1-8 shows an example of the 
results obtained by Yoshimura et al. [74]. 
' 
' Figure 1-7: Results of the reaction-diffusion model developed by Miura et al.. Taken from [73]. 
Figure 1-8: Example of results obtained by Yoshimura et al.. Taken from [74]. 
Finally, another interesting work was developed by Burgos et al. where the suture interdigitation study 
was analyzed not just like an isolated system but a whole 3D model, taking into account a simplified 
skull morphology and the presence of multiple sutures at the same time [75]. The model is presented 
in two stages: the formation of the flat bones in the calvaría and the generation of the interdigitated 
pattem. The first one is based on the Garzón-Alvarado et al. investigations [22, 76]. This part of the 
model identifies the primary ossification centers of the skull in formation and their subsequent growth 
to form the flat bones and suture spaces. The second one reproduces how the bone margins advance 
toward each other to form the irregular shapes known as interdigitation. The mathematical conception 
is based on the formation of Turing patterns through reaction-diffusion systems [77]. The model has 
the ability to reproduce the interaction between two molecular factors that control the differentiation 
of mesenchymal cells and estimates the bone formation at different stages. The results showed a high 
similarity between the modeled skull anda real one (Figure 1-9) [75]. 
1.1.4 Biomechanical models 
Biomechanics studies the behavior of tissues and living beings when they are subjected to different types 
of loads, either static and dynamic [78-80]. Focused on living beings, it evaluates aspects such as the 
mechanical behavior of the structures that constitute the body, the interaction between different com-
ponents that are part of a mechanism or system, the response to externa} phenomena, the tissues ability 
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Figure 1-9: Results obtained by Burgos et al .. Taken from [75]. 
to associate themselves with non-biological materials, among others [79, 81]. From the biomechanical 
point of view, the MPS and the ME have been studied with different purposes: to evaluate the mecha-
nical response of the oral cavity to ME, to analyze the material properties of the suture, to observe the 
influence of the interdigitation in the results treatment, to compare the possible types of anchorage for 
expander devices, to establish the effect that could have variations in the design and in the position of 
the expander. 
According to Romanyk et al., four types of assumptions are normally made about the suture mate-
rial: assuming no material, assuming bone mechanical properties or soft tissue properties and, by last, 
assuming a viscoelastic material behavior [82]. Priyadarshini et aL reconstructed a Computed Tomo-
graphy ccn and applied expansion forces in the premolars and first molar to evaluate the stresses and 
displacements distribution on the cranial bones and sutures. A linear material behavior was considered 
for all domain components. The displacement results showed higher values in the oral side than in the 
nasal and the maximum equivalent stresses were found in sutures such as the midpalatal and pterygo-
maxillary sutures [83]. For their part, Lee et al. developed a model with a palatal structure made up 
just by one salid, a model with palatal structure made up by suture and bone components, with the 
same elastic modulus, and a model without the presence of the suture. The intention of the study was 
to evaluate the ME with different suture stage in an attempt to explain sorne clinical observations. They 
found that the first two models had similar stress patterns and the third model translated the stress 
to the nasal cavity [84]. Nevertheless, sorne authors like Provatidis et al., Tanaka et aL, Ludwig et al. 
and Romanyk et aL, looking for more reliable representations, have employed viscoelastic constitutive 
models to describe the suture material behavior [5, 52, 85-88]. Provatidis et al. analyzed the expan-
sion taking into account the whole skull and the unfused and fused states of the sutures, with elastic 
modulus of lMPa and 13700MPa, respectively. In addition to this, the authors set up another scenario 
with a ''pseudo-viscoelastic" behavior, where the stress was set to zero between each activation. The 
findings showed that the displacements were larger in the models with non-ossified sutures; however, 
the model that showed the best behavior was that with all sutures ossified, except the midpalatal and 
the midsagittal suture. They concluded that the relaxation phenomena should be taken into account to 
calculate the stress distributions into the craneofacial complex [5]. Ludwig et al. took a CT sean of a 
16 years old patient, befare and after the expansion, performed a simulation with linear and viscoelas-
tic properties and compared the accuracy of the displacements simulated in relation to the expansion 
reached in the patient. In a similar way to Provatidis et al. [ 5], the viscoelastic model just accounted for 
the relaxation process. As an interesting aspect in this study, this model was not applied to the suture 
due to it was considered like a void, so the viscoelastic properties was assigned to the bone. According 
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to the authors, the linear model did not correspond to the clinical reality while the viscoelastic model 
did [ 88]. Tanaka et al., as a mentioned befare, had interest in type III collagen. They used a Kelvin 
model in a finite element analysis to describe the material behavior to compare the simulated results 
with the experimental ones. The data obtained showed similarity between the displacements found 
experimentally and those calculated computationally [52]. 
Romanyk et aL focused on determining the mathematical model that describes the viscoelastic nature of 
the MPS, considering both the creep and relaxation phenomena [85-87]. They used the data presented 
by Liu et aL in the sagittal suture of New Zealand white rabbits [ 49]. In a first attempt, they found a 
viscoelastic model capable of predicting the creep behavior with only one set of constants for different 
loads applied [87]. Then, the authors established the relationship between the creep and relaxation 
behavior and obtained the functions that describe the relaxation response of the tissue. According 
to these models, after a few minutes, the mechanical stresses values decayed to less than O.lM Pa 
which indicates that, in a common protocol, the superposition of stresses between activations does not 
happen [85]. Finally, they analyzed the suture response when is subjected toa constant displacement 
ora constant expansion load, taking into account the viscoelastic properties. It was evident that the 
suture is capable to resist a screw activation without damage and that the models that best describe 
the clinical procedure are the relaxation models, as the screw generates a constant deformation [86]. 
The consideration of a model to describe the viscoelastic behavior is necessary only if the concem is the 
transient response on a scale of minutes or less. If the concem is the response in a longer perlad, the 
linear properties could be considered for an adequate result [82]. Another alternative to describe the 
material behavior of the suture was presented by Carvalho et al. [ 89]. They proposed a bilinear model 
where the suture elastic modulus changes when the tissue experiences a stress above O.lMPa. This 
could be interpreted as the suture initial state corresponding to an organized connective tissue and, 
when the resistance to displacement is overcomed, the tissue loses its arder and can be represented by 
a lower elastic modulus. The findings showed that the bilinear assumption produces results that agree 
with clinical data, providing a simple material model for the suture without losing reliability [89]. 
Another factor of interest in the suture investigations is the influence of the interdigitation pattem in the 
mechanical response of the bone--suture-bone interface. Jasinoski et al. made a geomettical represen-
tation of the suture with three degrees of interdigitation; those degrees corresponds to a null, moderate 
and complex interdigitation. They modeled the suture with isotropic and orthotropic properties and 
considered the presence of the collagen fibers aligned in the load direction. Then, they applied com-
pression and tension forces on the domain and evaluated the mechanical behavior. The findings showed 
that, independent of the collagen fibers, a decrease of the interdigitation index produces a decrease in 
the bone strain energy and an increase of the interdigitation index causes lower stress values at the 
apices and higher stress values at the suture limbs [90]. Additionally, Jasinoski et al., in a later work, 
took the results of the previously research presented and compared them with a response obtained in a 
study with suture viscoelastic properties and chewing loads. The authors reaffirmed the relationship be-
tween strain energy and interdigitation index and found that the viscoelastic properties effect decreases 
with the increment of the frequency loads, suggesting that these properties could be not necessary for 
chewing loads analysis [91]. The study developed by Maloul et al. used a simplified 3D models of the 
suture, with interdigitation index similar to Jasinoski et al. [90, 91], anda suture obtained from a com-
puted tomography. The results obtained with the simplified models agreed with the obtained in the TC 
model. Also, with respect to the research reponed by Jasinoski et aL [90], the results also agree; which 
is an interesting aspect because the model of Jasinoski et aL [90] was developed in two dimensions. 
This similarity in the results is due to the fact that the 2D model was configured in a plane stress state 
and took into account the third dimensionas an inherent constant during the problem resolution [24]. 
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By their part, Lee et al. performed an analysis with a rnodel that had the sarne interdigitation index but 
a different irregularity degree of the suture rnorphology. The findings dernonstrated that the incrernent 
in the degree of irregularity helps the structure to withstand greater deformations befare the darnage 
occurs [92]. 
Sorne authors have focused their investigations on analyzing variations in the procedure or in the ex-
pander devices during a ME treatment. For example, Han et aL developed a finite elernent analysis to 
evaluate the effect of performing surgical procedures, befare the application of the expansion, on the 
final displacernent outcornes. The research revealed that the osteotorny procedures help to increase the 
rnaxillary expansion and to reduce the rnechanical resistance that the bone structure makes, avoiding 
the side effects [93]. De Sousa Araugio et aL studied the position of the expansion screw in relation 
to the vertical distance with respect to the palate. The reference point was the resistance center of the 
first rnolars, so the rnodels were developed to locate the screw above, below and at that point. The 
results showed the existence of a relationship between the screw height and the dental side effects; 
the authors concluded that the ideal position is a little above the resistance center [94]. Corroborating 
the investigation aforernentioned, Matsuyarna et al. sought to assess the influence of the pala te depth 
and certain device rnodifications on the expansion results. They found that the greater the depth of the 
palate, the srnaller the effect of the expansion. Also, they showed that variations on the device arms 
could produce efficient expansions and reduce the strain in the arms [95]. 
The way in which the expansion device is attached to the oral cavity is another variable of study. As a 
rnentioned befare, the rnost cornrnon anchorage types are dental, skeletal and hybrid anchorage (Figure 
1-4). Carvalho et al. cornpared the stress and displacernent distributions generated by dental and 
skeletal anchorage during the ME. They found that the devices with patatal support produce greater 
ME effectiveness, coinciding with Matsuyama et al. [95], but generate significant increases in the stress 
and strain values; it is a result that need to be taken into account for the expansion protocols [96]. 
In the same line, the rnodels proposed by Jain et aL and MacGinnis et al. showed higher stresses 
and less side effects when the expander is supported by irnplants than when it is supported on the 
teeth [97, 98]. Particularly, MacGinnnis et al. concluded that the skeletal anchorage could be beneficia} 
far patients who require transfer the rnechanical stirnulus directly to the midpalatal region, like those 
with sorne ossification degree of the suture [98]. Lee H. et al. developed four rnodels with different 
configurations for the devices: skeletal and hybrid anchorage with irnplants near to the MPS, skeletal 
anchorage with irnplants near to the roots of the teeth and dental anchorage with conventional Hyrax 
and surgical assistance. The results showed higher expansion values in the posterior than in the anterior 
region far all rnodels; however, the hybrid anchorage seerns to be the rnost effective device and a good 
choice to treat the transverse maxillary deficiency [99]. At last, Lee S. et al. performed an analysis with 
the purpose to evaluate the influences of surgical assistance in ME treatment with skeletal anchorage. 
In a similar way that reported by Han et al. [93], surgical procedure translate into greater transverse 
displacernents. Additionally, the different structures of the dornain experienced the highest stress levels 
in the rnodel without the surgical assistance. Therefore, the authors suggested that procedure when the 
skeletal anchorage is used [ 100 ]. 
10 
CHAPTER l. INTRODUCTION 2. Objectives 
1.2 Objectives 
• General aim: 
To develop a biomechanical and mechanobiological model that describes the midpalatal suture 
formation process, by the use of computational simulation. 
• Specific aims: 
l. To formula te the biomechanical and mechanobiological model for the tnidpalatal suture for-
mation process, free of pathologies and extemalloads. 
2. To implement the biomechanical and mechanobiological model, which describes the tnid-
palatal suture formation process when subjected to externa! expansion loads. 
3. To evaluate, through the use of the developed model, the tnidpalatal suture behavior when 
it is subjected to a Maxillary Expansion treatment, with dental and skeletal anchorage. 
1.3 Thesis Outline 
This thesis document is made up of si:x chapters. Chapter 1 corresponds to this introductory chapter and 
aims to introduce the reader to the conceptual framework of the Maxillary Expansion and Midpalatal 
Suture through a presentation of multiple works obtained from the literature. Also, the objectives to 
achieve are presented. In Chapter 2, a description of the theoretical biological behavior of the suture 
when it is exposed to a mechanical stimulus are made. Mter that, the experimental model that was 
developed looking to observe the molecular and cellular response to tensile loads is described. By last, 
the results of the microcomputer tomography, histological and qPCR analysis are showed and discussed. 
In Chapter 3 a brief explanation of the Shnakenberg, Glycolysis and Chemotaxis models are performed. 
Then, a mechanobiological model of the suture behavior is proposed and developed based on the ex-
perimental findings and on the Thring patterns theory. Later, the model application in the mice and 
human MPS is presented; both with and without externalloads. Subsequently, the results obtained, the 
model validation with the experimental data and literature and the discussion are described. 
Chapter 4 and Chapter 5 are focused on the biomechanical behavior of the suture when subtnitted to 
a ME treatment. Chapter 4 presents the analysis done, on a simplified domain, to find the mechanical 
response of the suture with different interdigitation index. Chapter 5 shows the biomechanical model 
developed to evaluate the influence of the interdigitation pattem in a more realistic scenario. Also, in 
that chapter, a study about the devices used for the expansion and the anchorage type was described. 
As in other chapters, in the last pan of each one, al! results are presented and discussed. 
Finally, in Chapter 6, the main conclusions obtained from the results of this work are described, as 
well as sorne possible recommendations for future work. It is important to note that the content des-
cribed in Chapter 2 is currently submitted to "Joumal of Biomechanics" and it is in the "under review" 
state. Additionally, Chapter 5 is currently published in the Joumal "Computer Methods and Programs in 
Biomedicine" (https:/ /doi.org/10.1016/j.cmpb.2019.05.007). 
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Chapter 2 
Experimental model 
The biomechanical and mecbanobiological models that will be described in Chapters 3 to 5 seek to 
cbaracterize the midpalatal suture (MPS) mecbanical behavior when it is subjected to an expansion 
treatment. Particularly, the mechanobiological simulation tries to establish, through a proposed mathe-
matical model, an approximate relationship between the molecular and cellular events involved in the 
MPS formation process and the biological response to a mechanical stimuli, sucb as those present in 
maxillary expansions. These rype of models usually require both input data to feed the model and infor-
mation to assure that the results obtained in the simulation implemented correspond to the equivalents 
in the real phenomenon. Therefore, in this chapter, the in vivo experimental procedure developed on 
Five-week-old wild-rype (WT)(C57BL/6) mice is presented. The objectives of this experimentare: 
• To observe morphological changes in the bone--suture-bone interface caused by bone distraction. 
• To identify variations in the osteoblasts and osteoclasts activity at the bone-suture-bone interface 
associated with different loading levels applied to bone distraction. 
• To analyze variations in the expression of molecules related to the bone cells activity in the MPS, 
during bone distraction. 
This part of the work was developed in collaboration with the departments of Clinical, Pathology and 
Dental Surgery and Pediatric Dentistry and Orthodontics of the Faculty of Dentistry of the Universidade 
Federal de Minas Gerais and with the Pathology Laboratory of the Faculty ofMedicine of the Universidad 
Nacional de Colombia. The ethical approval certificate of the experimental protocol #152/2016 can be 
seen in the Appendix A. In the following sections a conceptual framework that will allow to understand 
in greater depth the midpalatal suture and its biological response to externalloads will be presented, 
the methodology used for the development of the experiment will be explained and, by last, the results 
obtained will be shown and discussed. 
2.1 Conceptual Framework 
Sutures can be defined as fibrous tissues between the cranial bones acting as joints [26, 53-55, 101]. 
These tissues restrict the movement of adjacent bones, which convert them into synarthrosis articula-
tions [102, 103]. Particularly, the midpalatal suture is the line thatjoins the two horizontal halves of the 
maxilla [8, 102] and can be divided in anterior (between the upper interdental point and the anterior 
section of the incisive fossa), middle (from the posterior section of the incisive fossa to the intersection 
with transverse palatine suture) and posterior part (from the transverse suture to the posterior nasal 
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spine) (Figure 2-1) [lO]. This suture changes its morphology during growth; initially it is characterized 
by a Y-shape morphology (Figure 2.2(a)) and, then, it evolves to take a sinuous shape or meandering 
interdigitation (Figure 2.2(b)) [6, 104-108]. Nevertheless, it is from the third decade that the palate 
reaches its maximum width [109] and the suture starts to change its ossification percentage [lOS, 107]; 
according to Knaup et al., that percentage is almost zero before 25 years old and takes a median val u e 
of 3.11 o/o after that age [lOS]. 
Posterior 
Nasal Spine Section 
Figure 2-1: Sections of the Midpalatal Suture. Adapted from [18]. 
(a) (b) 
Figure 2-2: Morphological changes of the MPS during growth: a) Initial state with Y-shape and b) 
Sinuous shape in early adolescence. Taken from [6]. 
The midpalatal suture is highly sensitive to its mechanical environment [8] and can be exposed to 
different types of loads such as the forces produced during chewing, those generated by the expansion 
of adjacent tissues [57, 67, 110] or produced by orthodontic procedures like the Maxillary Expansion 
[ 6, 11, 111]. In general, the MPS is a dense connective tissue located between the pala tal bones and 
limited by a periosteallayer, rich in osteogenic cells, both in the nasal and oral side. Without the 
presence of externa! forces, the connective tissue is composed by two layers of osteoblastic cells adjacent 
to the bone margins and another centrallayer of mesenchymal tissue formed by osteoblasts, fibroblasts, 
collagen fibers and blood vessels (Stage 1, Figure 2.3(a)) [10, 20, 26, 102]. With the application of 
the expansion load, the suture tissue becomes disorganized, the collagen fibers and sorne blood vessels 
are broken and the osteogenic cells migrate from the periosteum into the suture. In response to the 
tissue damage generated, the inflammatory exuda te is formed with a high concentration of fibrins and 
the immune system, preventing the presence of possible bacterias, invades the region with neutrophils. 
Then, neutrophils disappear and give space to macrophages who are responsible for eliminating cellular 
waste and fibrin excess and, along with vascularization, release the molecular signaling that will regula te 
the tissue recovery. All this is developed in a period of time that ranges between 24 and 48 hours 
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(Stage 2, Figure 2.3(b)). After this stage, fibroblasts and undifferentiated cells work to recover the 
extracellular matrix while the osteoblastic cells organize themselves to produce immature bone that 
covers the empty spaces; bone that is subsequently reabsorbed and replaced by fibrous tissue (Stage 3, 
Figure 2.3(c)). Once the macrophages finish their phagocytosis process, the pH is normalized, which 
the osteoblastic cells interpret as a signal to move again to the suture margins and produce new bony 
layers that restore the approximate size and shape that the suture had before the expansion (Stage 4, 
Figure 2.3(d)) [10,20, 102,110, 112]. 
(a) (b) 
(e) (d) 
Figure 2-3: Biological stages of the MPS in response to a externa} stimuli: a) Stage 1, b) Stage 2, e) 
Stage 3 and d) Stage 4. Taken from [20]. 
D 1 Mature bone 1 @ Neutrophils 1 • 1 Blood vessel 
~ . Periosteum 1 ~ Macrophages 1 illil] 1 Newbone 
@ Osteoblasts IV"\ 1 Collagen fibers 1 ~ 1 Fasciculated bone 
~ Fibroblasts 1 ~ 1 Fibrin network 1 
Table 2-1: Explanation ofthe symbols used in Figure 2-3. Taken from [20]. 
As to the biochemical activity that regulate the different stages before mentioned, many growth and 
transcription factors, like TGF- {3, FGF, BMPs, Twist, and Runx2, are present in the borre--suture-
borre interface and have different functions in the cellular activity. For example, it is proven that the 
TGF- {31, TGF- {32, BMP2 and BMP4 promote the bone formation while the TGF- {33, BMP3, 
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Shh and Ptc inhibit the ossification process or contribute in suture patency [53, 55, 57, 58, 103, 112, 
113]. Table 2-2 presents the typical factors that have been related to the suture formation process 
and its response to mechanical stimuli. Nevertheless, according to the literature review, the studies are 
normally developed on cranial sutures, that differs in key aspects su eh as the presence of the Dura Mater, 
and the investigations specifically focused on the MPS are limited [66, 114]. This is the motivation of 
the third objective of this chapter. 
Factor Supposed function Reference(s) 
IGF- I Increase the osteoblast and fibroblast proliferation [55, 56, 110, 112] 
I GF- IR Increase the osteoblast and fibroblast proliferation [ 112] 
TGF- /31 Promotes bone production [53, 73, 112] 
TGF- /32 Promotes bone production [55, 56, 73, 75] 
TGF-/33 Inlubitsboneproduction [53,55,75] 
TGF -/3R(1-2) Promotes bone production [103] 
FGFs Promotes bone production [55-57, 73, 110, 112] 
FGFRs(1- 3) Promotes osteoblast differentiation [53, 55, 73, 103] 
FGFR2 Promotes the proliferation of stem cells [57, 58, 73, 110] 
BMPs Promotes bone production [53, 56,57, 73, 110, 112] 
Twist Promotes bone production [57, 73, 103, 112] 
Msx2 Promotes bone production [53, 55, 57, 73, 112] 
Runx2 Promotes bone production [55, 56, 73, 75, 112] 
Tbx2 Inlubits bone production [110, 112] 
RANKL Prometes osteoclast differentiati.on and suture patency [8,55] 
MMPs Promotes bone production and remodeling [110, 114] 
TIMP-1 InbibitstheeffectofMMP-2 [114] 
Shh Regulates the intramembranous bone fotrnation [55, 103] 
PC1 Mecbanotransduction function [57,66] 
W nt Prometes the differentiation process of mesenchymal cells in osteoblasts [56, 57] 
Noggin Inhibits the effect of BMPs [57, 73] 
Table 2-2: 1)>pical factors that have been related to bone cells activity in sutures 
2.2 Materials and Methods 
This procedure was based on the studies reported by Hou et al. who analyzed the influence of loads 
on bone remodeling processes and the PC1 protein on the mechanotransduction process in the oral 
cavity [8, 66]. The experiment sought to evaluate the morphological, cellular and molecular changes 
produce by ME in two time points, at 7 and 14 days. Each perlad of time was divided into 4 groups, one 
of control and 3 experimental. The groups were formed of 6 animals for a total sample size of 48 mice; 
Table 2-3 shows the groups distribution. The conditions to which the animals were submitted during 
the experiment were normal conditions oflight (12h light/dark cycle) and temperature (24±2°C). Due 
to the possible discomfort that the animals could experience after the expansion procedure, the type of 
feed supplied was commercial concentrate moistened and crushed to have a pasty consistency. Drinking 
water was freely available. 
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Time Load 1 Number of animals 
Control 6 




14 days 0.56N 6 
0.42N 6 
0.28N 6 
Table 2-3: Groups distribution for the experimental procedure 
A 0.014in stainless steel orthodontic wire (GAC International Inc., Bohemia, NY) was used to apply the 
expansion force; the load values were 0.28N, 0.42N and 0.56N and were calibrated using a tension 
gauge (Shimpo Instruments, !tasca, Ill) (Figure 2-4). 
Figure 2-4: Calibration of the expansion load 
For the procedure, a combination of xylazine (10 mg/Kg) and ketamine (100 mg/Kg) solution was 
used to to anesthetize the animal. Mice were placed on the surgery table fixing their limbs and head. 
Subsequently, a mouth-opener, a stereomicroscope (Quimis Aparelhos Científicos Ltd, Diadema, Sao 
Paulo, Brazil) and an opticallight system (Multi-Position Fiber Optic Illuminator system, Cole-Parmer 
Instrument Company Ltd., London, England) were used to ensure full visibility of oral cavity. Then, the 
area were the force would be applied (first and second maxillary molars) was cleaned using acetone and 
etched using a self-etching primer (Unitek/3 M, Minneapolis, USA) and the appliances were bounded 
on the occlusal surface of the teeth using a light-cured resin (Transbond, Unitek/3 M, Monrova, CA, 
USA) (Figure 2-5). Finally, mice were euthanized by decapitation in the two time-points established 
and the different analysis were performed. 
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Figure 2-5: Experimental procedure to apply the expansion force 
2.2.1 MicroCT imaging 
The maxillary samples were dissected and fixed in lOo/o buffered formalin with a pH of 7.4. They were 
scanned using a O.Smm aluminium filter and a compact desktop micro-CT scanner (SkyScan 1174, 
Bruker micro-CT, Belgium), with SOkV of source voltage, 800p.A source current and 12.18¡..tm pixel 
size. Samples were attached toa stage that rotated 180° with images acquired every 0.7°. To measure 
the maxillarywidth, the images were reconstructed using NRecon software (Bruker-MicroCT, Belgium), 
the sample position was determined by Dataviewer software (Bruker-MicroCT, Belgium) and analyzed 
using CTan software (Bruker-MicroCT, Belgium). For the bone density analysis, the software used was 
Mimics 10.01 (Materialize, Belgium). 
Two variables were calculated to establish the anthropometric effect of the expansion in the maxilla: 
the transverse dimension of the palate and the suture space. The first variable was measured in the 
transverse plane as the mean distance between: (1) the occlusal third and middle third obtained at 
the vestibular surface of the mesio-vestibular root of the first molar; (2) middle third and apical third 
obtained at the pala tal root canal of the first molar. For the second variable, the measurement of the 3D 
volume was made in the antera-posterior direction along the entire suture. Another variable of interest 
was the mineral density variation in the bone-suture-bone interface. The Hounsfield Units (HU) were 
used as a unit of measurement of that variable [115]. Therefore, at the level of the first molars, on 
the coronal plane, a filter corresponding to bone (226- 2746HU) was applied. Then, the density was 
calculated as the average of 10 measurements that were taken on the bone, five on each side of the 
suture. 
2.2.2 Histological analysis 
Once the MicroCT were taken, the samples were decalcified in 14% EDTA with a pH of 7.4 for 21 days 
with daily solution changes. The maxillary samples were washed for 4 hours in running water and the 
dehydration was done in increasing series of 70%, 80%, 90% and absolute alcohol, 30 minutes in each. 
After that, the samples were clarified in 3 xylol baths (Mono Fabric Processor 2000, Lupe Industria e 
Comércio Ltda, Sao Carlos, Brazil). Finally, the samples were included in paraffin where the maxillae 
were cut in the coronal axis keeping the molars perpendicular to the occlusal plane. The blocks were 
sectioned cutting them each 4¡..tm using a rotating microtome (Leica, Histocut 820, Germany). The 
count of the osteoblasts and osteoclasts was carried out by means of a Masson's trichrome stain and 
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a hematoxylin and eosin stain (H&E), respectively. The cell counting was performed in the marginal 
bone contouring the maxillary suture at the leve! of the pala tal root of the first molar. At least five serial 
vertical sections containing the above mentioned structures were evaluated for each animal for each 
analysis. 
2.2.3 Quantitative Polymerase Chain Reaction (qPCR) 
Total RNA was extracted (RNeasy FFPE kit; Qiagen Inc., Valencia, CA), according to the manufacturer's 
instructions. The integriry of RNA samples was checked by analyzing 1mg of total RNA on 2100 Bioana-
lyzer (Agilent Technologies, Santa Clara, CA, USA). The complementary DNA (cDNA) was synthesized 
using 3¡.¿g of RNA through a reverse transcription reaction using QuantiTectRTkit (Qiagen Inc, Valen-
cia, CA). Real-Time PCR array was performed in a Viia7 instrument (Ufe Technologies) using TaqMan 
chemistry (Invitrogen) associated with inventoried optimized primers/probes sets (Invitrogen), for bone 
morphogenetic protein 2 (BMP2); transforming growth factor beta 1, 2 and 3 (TGF- fl1, 2 and 3); 
sclerostin (SOST); catenin beta like 1 (Ctnnbl1); Wnt family member 3, 3a and 5a (Wnt3, 3a and 
5a); myostatin (Mtsn); receptor activator of nuclear factor kappa B (RANK); receptor activator of nu-
clear factor kappa B ligand (RANKL); osteoprotegerin (OPG); cathepsin K (CTSK); matrix metallopro-
teinases 9 and 13 (MMP9 and 13); runt-related transcription factor 2 (RUNX2); alkaline phosphatase 
(ALP); osteocalcin (OCN); collagen, type I alpha 1 (COLlA1); tissue inhibitor of metalloproteinases-
1 (TIMP1); dentin matrix acidic phosphoprotein 1 (DMP1); with basic reaction conditions of 50°C 
(20s), 95°C (lOmin), (40cycles) 95°C (1Ss) and 60°C (lmin). The mean threshold cycle values from 
duplicate measurements were used to calcula te expression of the target gene, with normalization to an 
interna! control (fl-actin) using the T.o.act method. 
2.2.4 Statistical analysis 
Results were expressed as mean ± standard error of the mean (SEM), considering that data sets pre-
sented a normal distribution (Kolmogorov-Smirnov). Two-way ANOVA followed by the Bonferroni post-
hoc test were used to analyze differences among groups. The data obtained from all evaluations were 
processed with GraphPad Prism version 5.01 (GraphPad Software, San Diego, CA). The leve! of signifi-
cance for all statistical tests was predetermined at 5%. 
2.3 Results 
2.3.1 MicroCT imaging 
The anthropomorphic analysis showed a successful expansion of the maxilla for all groups; regardless 
of the load value or the period of time of the treatment. It is possible to see that the data presents similar 
values for the three applied loads and the two time points. Figure 2-6 displays the maxillary transverse 
dimension results obtained at the first (Figure 2.6(a)) and second (Figure 2.6(b)) measurement point, 
described in section 2.2.1. Also, in Figure 2-7 it is possible to see the results obtained about the suture 
space. 
The results of the bone density analysis are showed by two comparative graphics in Figure 2-8. P1 
(left) and P10 (right) correspond to the points furthest from the MPS, while P5 (left) and P6 (right) 
correspond to the points closest to the suture. In ali cases the mineral density has a tendency to decrease 
from the extremes toward the center. As an interesting aspect, the density values of the control group 
on the seventh day were relatively lower than the values found for the groups of 0.42N and 0.56N 
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0.42N 0.56N 
Figure 2-6: Anthropomorphic results of the maxillary transverse dimension: a) at the first 
measurement point b) at the second measurement point. Data were expressed as means SEM. 
*P < 0.05. 
15 = 7d * -14 d * * * * * 10 T 
5 
o 
Control 0.2BN 0.42N 056N 
Fignre 2-7: Anthropomorphic results of the suture space in the coronal plane along the 
anteroposterior direction. Data were expressed as means SEM. • P < 0.05. 
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and slightly higher compared to the 0.28N group. On the other hand, on day 14, the control group 
presented a little higher values than the other groups. 
Bone Oensity - 7 days Bone Density- 14 days 
-7·0~6N - 14 -0_st;N 
-7-0,42N - 14 -0,42N 
- 7 -0,2! N - 14-0,lSN 
Vai~Louotcon 
(a) (b) 
Figure 2-8: Bone density results: a) at 7 days (SD = 4.97%) b) at 14 days (SD = 4.53%) 
2.3.2 Histological analysis 
In relation to the cellular activity, the analysis was made both qualitatively and quantitatively. Figures 2-
9 and 2-10 allow to compare the cellular activity inside the suture, in response to different load values 
applied, on days 7 and 14, respectively. It is possible to observe that the expansion loads generated 
both an increase of the area corresponding to the conjunctive tissue and an activation of the cellular 
migration from the ends (both nasal and buccal) towards the interior of the suture. In addition to this, 
qualitatively, a proportionality relation is perceived between the load magnitud e, the migration size and 
the number of cells organized at the bone margins; the greater the load, the larger the migration size 
through the buccal end of the suture and the greater the number of cells located at the bone margins. 
At last, on day 14, a greater number of cells is perceived inside the connective tissue compared to 
day 7. Quantitatively, Figure 2-11 presents the osteoblastic and osteoclastic response to the expansion 
application. As it is possible appreciate, there is an increase in the number of osteoblasts when the suture 
is subjected to a tensile force (Figure 2.11 (a)). On the other hand, no significant variations were found 
in the osteoclastic activity (Figure 2.11(a)). Comparing the values obtained for the different groups, it 
can be seen that the behavior was very similar for the three load magnitudes and time periods. 
(a) (b) (e) (d) 
Figure 2-9: Histological results of H&E analysis in the 7-day period with loads of: a) Control, b) 
0.28N, e) 0.42N and d) 0.56N 
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(a) (b) (e) (d) 
Figure 2-10: Histological results of H&E analysis in the 14-day period with loads of: a) Control, b) 
0.28N, e) 0.42N and d) 0.56N 
c:::::::J 7d 









Control 0.28N 0.42N 0.56N 
(a) 








Control 0.28N 0.42N 0.56N 
(b) 
Figure 2-11: Histological results of the cellular activity in the MPS: a) osteoblastic activity and b) 
osteoclastic activity. Data were expressed as means SEM. * P < 0.05. 
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2.3.3 Quantitative Polymerase Chain Reaction (qPCR) 
Regarding the qPCR analysis, Figure 2-12 shows the response ofthe molecular factors analyzed during 
the experiment. With respect to the osteoblastic markers (Figure 2.12(a)), the values ofthe expressions 
tended to increase with the application of the expansion loads; only the factors RUNX2 and ALP had 
no significant variations compared to the control group when the applied load was 0.28N. Significant 
differences between groups with 0.42N and 0.56N loads were only perceived in RUNX2 and COLlAl. 
Comparing the behavior of the factors between the two periods of time, it can be seen that the COL 1A1 
was the only one that decreased (for 0.28N) or that did not present significant changes (for 0.42N) 
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Figure 2-12: Quantitative Polymerase Chain Reaction results. * P < 0.05 comparing experimental with 
the control group, + P < 0.05 with 0.28N and @ P < 0.05 with 0.42N at the same time point; 
# P < 0.05 comparing with 7 days of mechanicalloading under the same force. Data were expressed 
as means SEM. 
Comparing with the control groups, osteoclastic markers increased their values when a tensile load was 
applied; except for the RANKL/OPG ratio, that at 14 days decreased in presence of the 0.28N load 
and showed no significant differences with the other force values. Nevertheless, it is not possible to 
generalize the behaviorbetween the two periods oftime. As seen in Figure 2.13(b), CTSK and TIMP1 
factors had a behavior that contrasted with MMP9 and MMP13 factors. While CTSK and TIMP1 
decreased their values compared to day 7, the expressions of MMP9 and MMP13 increased. In this 
four cases, the 0.28N load produced the lowest values and no significant differences were appreciated 
between 0.42N and 0.56N. In the particular case of RANK, just the 0.56N load at 14 days generated 
significant higher values than the other loads, regardless of the period of time. 
Finally, Figure 2.13(c) shows the results obtained for the last factors analyzed that are related to the 
bone formation or remodeling process. The o ni y factor that showed no significant differences, campar-
ing with the control group, was the TGF- fl3 at 14 days with 0.28N. BMP2, TGF- fl2, TGF- fl3 
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Figure 2-12 (Continued): Quantitative Polymerase Chain Reaction results. *P < 0.05 comparing 
experimental with the control group, + P < 0.05 with 0.28N and @ P < 0.05 with 0.42N at the same 
time point; # P < 0.05 comparing with 7 days of mechanicalloading under the same force. Data were 
expressed as means SEM. 
and Ctnnbll decreased their expressions at seventh day in relation to the 14 day, for the three load 
values. On the other hand, SOST and Wnt3A presented a behavior with higher values at 14 day than 
7 day. The other factors showed no significant differences between the periods of time. In relation to 
the force magnitude, 0.42N and 0.56N loads had a very similar effect and, normally, promoted greater 
expression responses than the 0.28N load; aspect that was more evident on day 14 than on day 7. 
2.4 Discussion 
The experimental procedure performed on Five-week-old wild-type (WTJ(C57BL/6) rnice was designed 
to evaluate the effect of expansion loads in the morphology and in the cellular and molecular activity of 
the bone--suture-bone interface. Thus, an experimental procedure based on previous studies [8, 66] was 
proposed and a MicroCf, a histological and a qPCR analysis were carried out. The anthropomorphic and 
histological analysis show that the expansion was successful for al! experimental groups; it means that 
independently of the load or the perlad of time, the palate gained width with the treatment application. 
As seen in the figures 2-9 and 2-10, the load applied impacted directly in the cellular activity. Qual-
itatively, it is observed that higher load values produce higher levels of cell migration and a higher 
concentration of cells located in the bone margins; suggesting the active beginning of the formation of 
new bone layers as established by Consolara et aL [20] and Ennes et aL [lO] andas was observed in the 
study of Hou et al. [8]. This was verified, quantitatively, both by the count of osteoblastic cells present 
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Figure 2-12 (Continued): Quantitative Polymerase Chain Reaction results. *p < 0.05 comparing 
experimental with the control group, + P < 0.05 with 0.28N and @ P < 0.05 with 0.42N at the same 
time point; # P < 0.05 comparing with 7 days of mechanicalloading under the same force. Data were 
expressed as means SEM. 
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reported by Cheng et aL [116], the histological analysis shows a significant increase in the osteoblasts 
when the expansion load was present. The expression of the molecular factors related to the prolifer-
ation and differentiation of this type of cells also increased. Sorne of these factors had been analyzed 
by other authors such as the ALP and COL 1A1 studied by Hou et al. [8] and the OCN studied by Wu 
et al. [ 117]; in both cases, the behavior was similar to that found in this work. A particular case is 
the RUNX2 factor, which, according to Hou et al. [66], showed no significant difference with the load 
application; what differs from the results presented in this research. The foregoing may be due to the 
fact that the author carried out the analysis in the nasal cartilage, while here the pala te bone was taken 
into account. 
In addition to bone formation, the experimental procedure also sought to evaluate the bone remodeling 
process. Therefore, the histological analysis of the osteoclastic activity and the qPCR analysis of the 
osteoclastic markers expression were performed. In agreement with Wu et al. [ 117], there is no evidence 
of the significant variations in the number of osteclasts inside the suture when the expansion treatment 
is applied, regardless the force value or perlad of time. Nevertheless, the expressions of molecular 
factors related with the osteoclastic activity hada different behavior. For example, the RANK, RANKL 
and OPG factors were increased under load; this fact is important because these factors are involved 
in the osteoclastogenesis process [118, 119]. Additionally, another factors that controlled the bone 
resorption process, like CTSK, MMP9, MMP13 and TIMP1 [120, 121], were augmented too; the 
last one agrees with the study reported by Chen et al. [114]. The difference between the cellular and 
molecular results can be attributed to the place where the cell count was carried out. According to 
the research developed by Hou et al. [8], when the cell count is performed in the nasal cartilage, the 
number of osteoclasts increases; the foregoing could suggest that the stimulation of osteoclastic activity 
in these cases is made indirectly [122]. 
Finally, it is important to highlight two additional aspects that were obtained from this experimentation. 
The first one is related to the third group of molecular factors that were analyzed within the experimental 
procedure (Figure 2.13(c)). These factors have been commonly studied by other authors who have 
focused on investigating cranial sutures [52,53,63-65]. As it could be evidenced, a11 ofthem reacted by 
increasing their expression leve! when the expansion load was applied. This aspect is of great importance 
since it allows to relate the results obtained in cranial sutures with the events that occur inside the 
facial sutures; even when there are key differences such as the absence of the Dura Mater. For example, 
according to the results, it could be suggested that TGF- fJ 1 and TGF- fJ2 are contributing to bone 
formation while TGF- fJ3 is helping to the suture patency, as in the case of cranial sutures [53, 55, 
73, 75]. The second one has to do with the development of the maxillaty expansion procedure in mice. 
So far, there are very few studies conducted directly on the MPS expansion and the way that they 
have been addressed is limited to supposing a single force that is within a reasonable range for the 
animal [8, 66, 114, 117]. Therefore, this work shows a procedure that succeed to standardize both the 
preparation of expansion devices and the criteria of time of the experiment and load value, allowing to 
observe the changes at the cellular and molecular leve! produced by the expansion. According to this 
research, the recommended parameters for the force magnitude and time of treatment application are 
0.42N and 7 days, respectively. 
2.5 Conclusions 
• The maxillary expansion prometes the bone formation and remodeling processes through the ac-
tivation of osteoblastic and osteoclastic migration and proliferation and the increase of molecular 
expressions related to this type of phenomena. 
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• The results obtained from tbe histological and qPCR analysis suggest tbat tbe investigations de-
veloped, and tbe reponed findings, on cranial sutures could be used to analyze and understand 
in greater deptb tbe behavior of facial sutures, such as the midpalatal suture, when tbey are 
subjected to tensile loads. 
• The expansion procedure presented is a suitable procedure to observe the effect of tbe maxi-
llary expansion on tbe morphology of tbe bone--suture-bone interface and on tbe cellular and 
molecular phenomena tbat occurs witbin the suture. In addition, it allowed to standardize tbe 
preparation of the expansion devices and to calculate, in a methodological way, sorne parameters 
of tbe experiment such as optimum load values (0.42N) and treatment time (7 days). 
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Chapter 3 
Mechanobiological model 
Mathematical models have been used to describe a wide variety of biological phenomena such as endo-
chondral ossification [123], skull formation [22,54, 76], bone remodeling [124-126], long bone deve-
lopment [127, 128], dentina! tubules location [129], bone regeneration [130], tissue genesis [60, 131], 
among others. As mentioned in Section 1.1.3, sorne authors have worked in numerical simulations 
looking to establish a representation of the suture formation process and its response to mechanical 
loads [25, 72-75]. These studies employed different mathematical approaches, like reaction-diffusion 
[73] or transport-diffusion systems [25], and their results have been able to approximate suture in-
terdigitation patterns and sorne cellular activity and molecular processes inside the tissue. Analyzing 
the aforementioned investigations, it is possible to observe that the models are designed for cranial 
sutures and differ from sorne fundamental aspects, such as the midpalatal suture morphology or ossi-
fication percentage. With respect to the morphology, it does not correspond to a line between two 
bone margins but is characterized by having a Y-shape [6, 20, 102]. In relation to the ossification, it 
has been found that this suture tends not to fuse, reaching an ossification percentage with an average 
of 3.11% anda maximum of 13.1% [105]. Hence, the current chapter presents a mechanobiological 
model that describes the MPS formation process and its biological response to a mechanical stimulus, 
as those generated in the maxillary expansion. To this end, a reaction-diffusion model, based on the 
experimental data and the literature review, is developed. In the following sections a brief explanation 
of the reaction-diffusion equation and of the biological models commonly used will be presented, as 
well as the proposed model and its solution by the finite element method. Finally, the results obtained 
will be shown and discussed. 
3.1 Reaction--diffusion systems 
3.1.1 Reaction-diffusion equation 
Diffusion can be interpreted as the movement that a species performs to reach the equilibrium distri-
bution of its concentration in the environment that contains it. Mathematically, this can be described 
by Fick's Law (Equation 3-1), which represents the movement from points of higher concentration to 
points oflower concentration [129, 132-134]. In Equation 3-1, u(x, t) is the species concentration, J 
corresponds to the diffusive flux vector and D is the diffusion coefficient. 
J(x, t) = -D'ilu(x, t) (3-1) 
On the other hand, reaction is the variation of the species concentration dueto the interaction effect with 
other species and with itself. That effect could be related with production, proliferation, degradation, 
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consumption, among other processes [129, 132-134] and can be represented by the function f (u, x, t ). 
Now, if a volume V limited by a surface S is defined, the principie of conservation states that the rate 
of change of the amount of mass contained in volume V is equivalent to the sum of the total mass flow 
through the surface S with the amount of mass that is transformed, due to the presence of the reactive 
term, inside the volume V. lt can be seen in Equation 3-2, where the ñ vector is the normal vector to 
the surface S. 
:t L u(x,t)dV=-l (J·ñ)dS+ Lf(u,x,t)dV (3-2) 
As it is possible to see in Equation 3-2, the first term on the right side is in the surface domain, so the 
divergence theorem is used to bring the diffusive term to the volume domain. Also, replacing Equation 
3-1 in Equation 3-2 the following expression is obtained: 
:t L u(x, t)dV =LV· (DVu(x, t))dV + L f(u,x, t)dV (3-3) 
The Neumann boundary conditions were configured as null to guarantee that the spatial pattems for-
mation are the product only of the interaction between the species within the domain. Thus, the final 
reaction-diffusion equation, written in differential form, is given by Equation 3-4 [129, 133, 134]: 
8u(x, t) a =V· (DVu(x, t))+ f(u,x, t) t ...._.,____.. (3-4) 
Diffusion Reaction 
3.1.2 Biological models 
The reaction-diffusion biological systems generate spatial-temporal pattems that allow to represent 
real phenomena like feather formation, hair follicles location, skin pigrnentation, angiogenesis, among 
others [135-138]. Generally, these systems can be represent by chemical or cell movement interac-
tions models. The first ones are related to cellular or molecular processes of synthesis, transpon and 
degradation. For their part, the cell movement models describe the changes in cell concentration due 
to the attraction and repulsion between the cells or as a consequence of chemical signals present in 
the environment [133, 134]. In the following sections, the three most known and used models will be 
described: The Shnakenberg or morphogenesis model, the glycolysis model and the chemotaxis model. 
Schnakenberg model 
The Schnakenberg model has been widely used in molecular chemical systems and morphogenesis [ 129, 
133]. This model was developed to represent the behavior of a chemical activator (u) when it interacts 
with a chemical inhibitor (v) [132-134]. The model is described, in a non-dimensional way, by the 






- = dV2v +r(b-u2v) 
8t 
The diffusive part of the equations represents the movement of both chemical substances, where d is 
the diffusion constants ratio (d = DufDv)- With respect to the reaction part, the terms a and b are 
related with the production of u and v, respectively; the -u term is the consumption of u and the u2v 
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is a nonlinear kinetic reaction that describes the u production in presence of v and the v consumption 
in presence of u [129, 132, 133]. 
Glycolysis model 
Glycolysis is the process that allows the energy supply to a cell through the synthesis of the glucose 
molecule. In this case, u represents the glucose concentration and v the pyruvate concentration. The 
pyruvate is a product of the glucose reaction sequences. Mathematically, this process can be described, 
in a dimensionless way, by the following system of equations [129, 133]: 
a u 
- =D '172u+ó -ku-u2v at " 
av at = Dv '172 v + ku+uv2 -v 
(3-6) 
where Du and Dv regula te the diffusion behavior of the glucose and pyruvate, respectively. The reactive 
pan of the first equation is made up by a constant production (ó), a proportional consumption and a 
nonlinear consumption of u due to the interaction with v. In relation to the reactive part of the second 
equation, it is composed of a proponional production, a nonlinear activation as a consequence of the 
interaction between u and v and a linear consumption described by the -v term. In both cases, k is the 
proportionality constant [129, 133]. 
Chemotaxis model 
Chemotaxis models are pan of the cell movement models and represent the cell migration as a response 
to the concentration of a chemical stimulus that is present in the environment surrounding the cells. 
The chemical substance is commonly known as the chemoattractant. Thus, the following system of 
equations describes the phenomena [133, 139, 140]: 
a u at = '17 • [Du 'llu-au'llv] + f(u, v) 
(3-7) 
av at = Dv '172v + g(u, v) 
In Equation 3-7, u corresponds to the cell density and v to the chemoattractant concentration. Du and 
Dv are the diffusion coefficients, a is the chemotaxis sensitivity, the f(u, v) function represents the cell 
growth and death stages and the g(u, v) function describes the production and degradation processes 
of the chemoattractant [129, 133, 140]. 
3.2 Materials and Methods 
3.2.1 Mathematical model proposed 
Based on the information obtained in the literature review and in the experimental data presented in 
Chapter 2, it was identified that the suture formation process can be modeled under two scenarios that 
differ from each other by the presence, or not, of externa! mechanical stimuli. If the suture subjected to 
tensile load is assumed, then the phenomenon to be modeled is the biological response characterized 
by cell migration from the periosteum into the suture. On the other hand, if the absence of externa! 
loads is assumed, then the process to be studied is the remodeling present at the bone margins; which 
is associated with the formation of interdigitation pattems. 
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First scenario: Cellular migrati.on 
As explained by Colsonaro et al. [20] and corroborated by histological images (Figures 2-9 and 2-10), 
the cellu1ar response of the núdpalatal suture when it is exposed to a tension load can be described 
in four stages. The first two are the stage befare the application of the expansion force and the stage 
when the load is applied and the tissue becomes disorganized. The third one is the tissue recovery 
stage, where the núgration of osteoprogenitor cells from the periosteum to the bone margins occurs. 
Finally, the four stage is the emergence of new bone layers adjacent to the bone margins dueto cell 
differentiation. The above is a basic explanation of the suture behavior that simplifies the conception 
of the model; a more detailed explanation can be found in Section 2.1. 
The process mentioned above is described in Figure 3-1. As can be seen, when the expansion load 
is applied (red arrows), molecular factors that signalize the process are activated and the periosteum 
interprets that signal as the beginning of the migration of the osteoprogenitor cells towards the inside 
of the suture. When the osteoblastic cells get into the sutural tissue, they are attracted by the molecu1ar 
signals found in the bone margins. Once located in the margins, they agglomerate and differentiate 





. .......... . 
Signaling ¡....--+ 
Factor 
Figure 3-1: Outline of the cell migration process caused by mechanical stimuli. Red arrows mean 
extemalloads, dotted lines signage and salid lines activation. 
Mathematically, the phenomena is described by the system of equations 3-8; where Sw is the osteoblas-
tic cells density and SP is the concentration of the chemoattractant molecule. This is a simplified model 
of chemotaxis that only takes into account the diffusive pan of the cell density, the sensitivity to cherna-
taxis and the diffusive part of the chemoattractant. lt is probable that the molecular factors that are 
responsible for signaling the onset of cell núgration, and attracting the osteoblastic cells towards the 
bone margin, are related to the factors belonging to the W n t family. The reason is that their signaling 
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function in the ossification processes of cranial sutures has been proven [57, 75, 141] and, in the experi-






To establish the criteria in which the osteoblastic cells differentiate into bone, a cell concentration thres-
hold is used. If the cell density at a given point exceeds the threshold, it is assumed that the point 








Second scenario: Bone remodeling process 
The bone remodeling process is a consequence of the osteoblastic and osteoclastic activity at the bone 
margins [73, 75]; sorne studies suggest that this process occurs even when there are no mechanical 
stimuli on the suture tissue [73]. To describe this process, a type of reaction-<iiffusion system known 
as activator-substrate is proposed [22, 76]. This system has been widely used for processes related to 
bone formation [22, 54, 75, 76] and is characterized by the interaction between two molecular factors 
that fulfill opposite functions; one promotes ossification while the other inhibits it. 
Figure 3-2 shows the scheme of the system as it was conceived for the purpose of this study. As it can be 
seen, the process begins in a molecule that signals the loop. In the same way that in the first scenario, it 
could be assumed that this molecule is part of the W nt family. Then, the bone deposition and the bone 
reabsortion stages are carried out. In the first one, the activating factor (Activator 1) promotes the me-
senchymal cells differentiation into osteoblasts and inhibits the concentration of the substrate (Inhibitor 
1) while the inhibitor factor regulates the production of osteoblasts and promotes the concentration of 
the activating molecule. For the second stage, it is presumed that the bone formation process descri-
bed above signals an activator that stimulates the mesenchymal cells differentiation into osteoclasts. In 
agreement with the experimental results of the qPCR analysis (Section 2.3.3), the Activator 1 could be 
an osteoblastic marker like RUNX2, OCN or COL1A1, the Inhibitor 1 could be a typical factor associa-
ted with suture patency in cranial sutures like TGF-~3 or SOST and, bylast, the Activator 2 could be 
an osteoclastic marker like TIMP1, RANK or CTSK. In all cases it was demonstrated the presence of 
their expression with and without mechanical stimuli. 
The relationships described in Figure 3-2 can be expressed, mathematically, by a Schnakenberg system 
as follow: 
as. _ 2 2 Tt-V s.+r(a-s.+s.s,) 
(3-10) 
as, 2 2 at = dV s, + rCb -s.s,) 
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Figure 3-2: Outline of the bone remodeling process at the bone margins. Salid lines mean activation 
loads, dotted lines signage and dash lines inhibition. 
where S a corresponds to the concentration of the activating factor and Ss to the concentration of the sub-
strate. Two chemical concentration thresholds are used to establish the criteria in which the osteoblastic 
cells differentiate into bone and the osteoclastic cells reabsorb it. If the activating factor concentration 
at a given point exceeds the threshold, it is assumed that the point becomes bone; otherwise it remains 
as part of the suture tissue. In contrast, if the substrate factor concentration at a given point exceeds 
the threshold, it is assumed that the adjacent bone point tums into suture tissue; otherwise it remains 
as part of the bone tissue. This is expressed in the following equation: 
_ { 1, Sx ~ Sx-thr 
f(Sx-thr)-
O, otherwise 
where x represents the activating (x =a) or the substrate (x = s) factor. 
3.2.2 Numerical Solution 
(3-11) 
The systems of equations 3-8 and 3-10 was solved using the finite element method with bilinear quadri-
lateral elements anda Newton-Raphson solver, for the time evolution problem, with an incremental 
iterative scheme. 
Chemotaxis Model Solution 





--¡¡¡- -DP V SP - O 
Using weighted residuals, the system of equations 3-12 becomes: 
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(3-13) 
f (asp 2 ) Jn w2 at-DPV sP dn=o 
In Equation 3-13, n represents the problem domain that is limited by the border r and w1 and w2 are 
the weighting functions. Applying the Green's theorem and weakening the system of equations 3-13, 
the residue of the problem will be as follows: 
- LDPVw1VSPdn+ i w1Dp(vsp·ñ)dr=o (3-14) 
rsp = L w2 aas: + L Dp'Vw2VSpdn-i w2Dp(vsp. ñ)dr =0 
As can be seen in Equations 3-14, there are two flow conditions, one for each variable. For the Sw vari-
able, the flow condition was assigned a null value due to the fact that it is assumed that the osteoblastic 
population is always inside the suture and cannot penetrate the bone tissue. By the other hand, for 
the SP variable, the flow conditions at the bone margins was assigned a unit value that represents the 
signaling done by the chemoattractant. Thus, the residue is expressed as: 
(3-15) 
rsp =In w2 aas: +In Dp Vw2 VSpdn -1 =o 
Now, for the approximation of each variable linear shape functions wi11 be used: 
(3-16) 
s; =NPSP 
where Nw and NP correspond to the shape functions that depend on the domain and Sw and SP are the 
osteoblastic cell density and the concentrations of the chemoatrractant on the nodal points, respectively. 
The superscript e indicates the finite element discretization. Also, a Bubnov-Galerkin formulation is 
used to define the weighting functions and, for this reason, the functions w take the same form of the 
shape functions N. Therefore, the discrete form of the residue vectors are established by: 
(3-17) 
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where VN is the gradient vector of the shape functions. Applying the Newton-Raphson linearization 
the system can be rewritten as: 
ar• Sw ar• Sw 
asw asp [~S~] = [ -rL] (3-18) 
ar• ar• ~s· -r• s, s, p s, 
asw asp 
where the syrnbol ~ denotes the difference of the nodal values between two consecutive iterations. The 
terms of the tangential stiffness matrix are calculated using Equations 3-17 and can be seen below: 
Schnakenberg Model Solution 
The system of equations 3-10 can be rewritten as follows: 
as, ( 2 ) 2 --y b-S S -d'i! S =O at a S S 
Using weighted residuals, the system of equations 3-20 becomes: 
L w1 ( ~~· -r(a-s. +s;s,)-v2s. )dn= o 




In Equation 3-21, n represents the problem domain that is limited by the border r and w1 and w2 are 
the weighting functions. Applying the Green's theorem and weakening the system of equations 3-21, 
the residue of the problem will be as follows: 
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rs. = r W¡ ~Sadn- r w¡yadfl+ r W¡YSadn- r w¡yS~S,dn Jn t Jn Jn Jn 
+ L V'w¡ V'Sadn-L w1 (V' S a • ñ) dr =o 
(3-22) 
The flow conditions of both variables were set to zero because it is considered that the two molecular 
factors are inside the suture and cannot penetrate the bone tissue. Thus, the residue is expressed as: 
rs. = r w1 ~Sadf!- r w1yadf!+ r w1ySadfl- r w1yS~S,df! Jn t Jn Jn Jn 
(3-23) 




where Na and N, correspond to the shape functions that depend on the domain and Sa and S, are the 
molecular factors concentrations on the nodal points. The superscript e indicates the finite element 
discretization. Also, a Bubnov-Galerkin formulation is used to define the weighti:ng functions and, for 
this reason, the functions w take the same form of the shape functions N. Therefore, the discrete form 
of the residue vectors are established by: 
rt = L NTaastadn-L NTyadf!+ L NTrsadn-L NTys~s,dn 
+ L vNrvsadn (3-25) 
r~. = L NT~s;dn-L NTybdf!+ L NTys~S,df!+ L dV'NTvs,dn 
where V' N is the gradient vector of the shape functions. Applying the Newton-Raphson linearization 
the system can be rewritten as: 
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ar' S, ar' S, 
as. as, [ ~·] [ -r'] ~S; = -r~: (3-26) ar' ar' s, s, 
as. as, 
where the symbol ~ denotes the difference of the nodal values between two consecutive iterations. The 
terms of the tangential stiffness matrix are calculated using Equation 3-25 and can be seen below: 
(3-27) 
3.2.3 Parameters selection 
The reaction-diffusion equations can present three types of different behavior. The first one corres-
ponds to a uniform distribution of the species concentration. In this case, it can be said that it is an 
equation where the diffusive term is dominant. The second possibility is a distribution of the species 
concentration stable over time but unstable in space, producing patterns known as Turing pattems or 
Turing instabilities; this occurs when the reactive term is dominant. Finally, the third possible behavior 
is a system unstable both in time and space generating patterns that evolve between two different time 
points [129]. Therefore, the linear stability theory allows to establish the conditions under which the 
Thring patterns are produced in a given system [22, 76, 129, 132]. 
Thus, the first step is to find the values for which the homogeneous solution of the reaction-diffusion 
system is obtained. For this, in the Schanakenberg model (Equation 3-10), the steady-state values of 
the species concentrations (u*, v*) are calculated as shown below: 
f(u, v) = r(a-u+u2v) =o 
g(u, v) = r(b-u2v) =o 
(3-28) 




v• = .,-( a-+---:-cb ):-::-2 
(3-29) 
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In previous works, with similar non-dimensional systems, it has been prove that setting a = 0.1 and 
b = 0.9 produces a good response of the reaction-diffusion equation [77, 127, 129, 132]. Hence, the 
initial conditions were defined as perturbed concentrations around the steady-state as follows: 
u(t =O) =u*+ Pu 
(3-30) 
v(t =O) = v* + Pv 
where Pu and Pv are the perturbations of u* and v*. In this way, it is possible to find the geometric 
area of the possible values that the d and y parameters can take to satisfy the necessary conditions that 
generate the Thring instabilities [129, 132,134, 142]: 




(dfu + &v)2 - 4dCfu&v- fv&u) > O 
where the function subscript indicates the variable by which the respective function must be pattially 
derived. 
An important fact is that the d and y parameters are related with the spacial and temporal scale of each 
particular reaction-diffusion system [22, 76, 127]. Knowing sorne real data, like the specific diffusion 
coefficients or the rypical concentrations of the molecular factors, it is possible to move the parameters 
(a, b, d and y) from the non-dimensional model to the real one. For this study, the Schnakenberg model 
was worked in the non-dimensional form because with the experimental results it is not possible to 
establish, with absolute certainty, which molecular factor fulfills one of the three functions established in 
the proposed model (Activator 1, Activator 2 and Inhibitor 1, Figure 3-2). Additionally, the information 
of these factors with respect to the midpalatal suture is very little or nonexistent. In relation to the 
Chemotaxis model, the Equation 3-8 corresponds to a case where the diffusive term is dominant and, 
for that reason, it is not necessary to perform the calculations related to the Thring instability. 
Hence, the diffusion coefficients of the models, the threshold values and the parameters d and y where 
calculated by numerical experimentation. In the d and y cases, the values used for the tests of the pa-
rameters are shown in Table 3-1 and correspond to values reported in previous research of the vibration 
modes found for a square domain. 
1 Mode (m,n) 1 d Y 
1 (1,0) 1 10 29 
1 (1,1) 111.5776 1 70.6 
1 (2,0) 1 10 1 114 
1 (2,1) 1 9.1676 1176.72 1 
1 (2,2) 1 8.6676 1 230.82 1 
Table 3-1: Modes ofvibrations (m,n) for different values of dandy. Taken from [129, 134]. 
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3.2.4 Numerical implementation 
The study developed in this chapter was carried out in two different domains. The first one corresponds 
to a simplified domain of the mice midpalatal suture and and the other one represents a simplified 
domain of the human midpalatal suture. In both cases, the conception of the domain and the dimensions 
of the CAD model (Figure 3-3) were based on histomorphometric and microscopic analyzes reported in 
the literature [10, 105] and in the experimental data presented in Chapter 2. 
O,lOmm 
O,SOmm O,SOmm 
~~~ - Periosteum 































Figure 3-3: Domains developed for the mechanobiological model of the midpalatal suture: a) 
Simplified domain of the mice midpalatal suture. b) Dimensions of the simplified domain of the mi ce 
midpalatal suture. e) Simplified domain of the human midpalatal suture. d) Dimensions of the 
simplified domain of the human midpalatal suture. 
The numerical solution was performed in commercial code ABAQUS software (Dassault Systemes SE, 
Vélizy-Villacoublay, France) by means of a UEL FORTRAN subroutine with increments of 0.01 time units. 
The mesh size ofthe mice model had 9318 nades and 9151 elements and the human model had 63847 
nades and 63709 elements. In both cases, the mentioned perturbations were established in a range of 
Oto lOo/o around the steady-state values [77, 132]. For the analyzes with mechanical expansions the 
materials were assumed to be linear, homogeneous and isotropic and the properties were obtained from 
the literature. The elastic modulus for the bone and suture was l3700MPa and lMPa, respectively. 
The Poisson ratio in both cases was 0.3 [ 82, 88, 89, 100]. A displacement was applied in the right si de 
with a magnitude equivalent to a one activation of the maxillary expansion (0.25mm [ 88, 96]) and a 
total restriction of the left side was made. In arder to guarantee a proportionality with the size of the 
mice MPS, the load value was reduced on a scale of 10 for these models. 
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3.3 Results 
3.3.1 Simulation results of the mice MPS 
Figure 3-4 presents the steady-state distributions, in time, for the concentrations of the Activator 1 and 
Inhibitor 1 in the mice midpalatal suture with different vibration modes. As it is possible to see, areas 
with higher concentration of the activating factor show low substrate concentration and vice versa. 
Comparing the different vibration modes, it is observed that the (1, 0), (2, 1) and (2, 2) modes did 
not produce regular patterns while the (1, 1) and (2, O) modes did. Those regular patterns had "spot" 
























































Figure 3-4: Molecular factors concentrations found in the mice MPS with different vibration modes. 
Concentration of a) Activator 1 and b) Inhibitor 1 with (1, O) mode. Concentration of e) Activator 1 
and d) Inhibitor 1 with (1, 1) mode. Concentration of e) Activator 1 and f) Inhibitor 1 with (2, O) 
mode. 
The results of the mice MPS formation process, in absence of external mechanical stimuli, are showed 























































Figure 3-4 (Continued): Molecular factors concentrations found in the mice MPS with different 
vibration modes. Concentration of g) Activator 1 and h) Inhibitor 1 with (2, 1) mode. Concentration 
of i) Activator 1 and j) Inhibitor 1 with (2, 2) mode. 
state after 500 time units. Figures 3.5{h) and 3.6{b) show the initial state of the MPS when the ossi-
fication algorithm begins to decide the places that must be ossified or reabsorbed, depending on the 
concentration values of the activating factor and the substrate. In this case, according to the numerical 
experimentation, the threshold values for both factors were Sa-thr = Ss-thr = 1.3. The other two ima-
ges of each figure show the evolution of the remodeling process when t reaches 600 and 1000 units 
of time. After 1000 units of time the algorithm did not yield different results. Finally, in Figure 3-7 
a comparison can be observed between the two final results obtained and the morphology of a mice 
and rabbbit suture in the absence of externalloads. As can be seen, the real suture does not presenta 
regular pattern like the one that tends to give the result of the (2, O) vibration mode. Nevertheless, it 
acquires an irregular shape with a prominence on the buccal side that it could resemble a little more 
to the result of the (1, 1) vibration mode. lt is noteworthy that, unlike the human midpalatal suture, 
the mice suture does not have such a characteristic morphological change during growth, which can be 
corroborated in Figures 2.9{a) and 2.10{a). 
For the models where the expansion load was taken into account, four periods of time were established: 
The initial state, when the cellular migration occurs due to the application of the expansion load, when 
the chemical factors interact in the expanded suture and the Turing instability emerges and, finally, 
when the ossification and reabsorption processes are carried out as a consequence of the molecular 
concentrations. Thus, Figures 3-8 and 3-9 present the results obtained for the models with the applica-
tion of the expansion load. Figures 3.8{a) and 3.9{a) are the initial state of the suture. The next two 
images of each Figure show the ossification that was generated dueto the cell migration process. As 
mentioned previously, the diffusion coefficients of the chemotaxis model were calculated by numerical 
experimentation and the results presented in Figures 3-8 and 3-9 were obtained with diffusion values 
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Figure 3-5: Mice MPS formation without externalloads and with (1, 1) vibration mode. a) Molecular 
distribution of the activating factor concentration in steady-state b) t = 500. e) t = 600. d) t = 1000. 





























Figure 3-6: Mice MPS formation without externalloads and with (2, O) vibration mode. a) Molecular 
distribution of the activating factor concentration in steady-state b) t = 500. e) t = 600. d) t = 1000. 
t are in time units. 
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Figure 3-7: Results comparison of the mice MPS without externalloads. a) Final result for the (1, 1) 
vibration mode. b)Final result for the (2, O) vibration mode. e) Real mice MPS obtained from the 
literature. Adapted from [8]. d) Real rabbit MPS obtained from the literature. Adapted from [63]. 
of 0.4 and 10 for the chemoattractant and cell migration, respectively. These were the values that best 
represented the real phenomenon; in Appendix B is possible to find the results of the different tests per-
formed to calcula te them. Figures 3.8(d) and 3.9(d) are the Turing patterns generated of the activating 
factor distribution, within the expanded suture, with the vibration modes (1, 1) and (2, 0), respectively. 
Finally, the last two images are the results due to the deposition and reabsortion processes as a conse-
quence of the molecular factors concentrations. The presented results show until t = 620 time units, 
after this value the software could not make the system converge, possibly beca use the continuity in the 
domain of the suture was lost. 
Finally, Figure 3-10 is a comparison between the obtained results by the chemotaxis model (Figures 
3.10(a) and 3.10(b)), a histological result showed in Chapter 2 (Figure 3.10(c)) and experimental 
results obtained by Hou et al. [8] (Figure 3.10(d)) and Cheng et al. [116] (Figure 3.10(d)). As it can 
be seen in the experimental data, the cellular migration produces a more accelerated ossification process 
at the upper (nasal side) and lower (buccal side) ends of the suture; behavior that can be reproduced 
by the proposed model. With respect to the process of bone remodeling that occurs after the molecular 
factors reach the stable state, there is no experimental or supported information in the literature to 
verify the reliability of the model at this stage. 
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Figure 3-8: Mice MPS formation with expansion load and (1, 1) vibration mode. a) Initial state of the 
suture. b) Ossification dueto the cellular migration process at 20 time units. e) Ossification due to the 
cellular migration process at 40 time units. d) Distribution of the activating factor concentration in 
steady-state in the expanded suture (t = 540 time units). e) Bone remodeling processes in the 













































Figure 3-9: Mice MPS formation with expansion load and (2, O) vibration mode. a) Initial state of the 
suture. b) Ossification dueto the cellular migration process at 20 time units. e) Ossification dueto the 
cellular migration process at 40 time units. d ) Distribution of the activating factor concentration in 
steady-state in the expanded suture (t = 540 time units). e) Borre remodeling processes in the 
expanded suture at 580 unit times. f) Borre remodeling processes in the expanded suture at 620 time 
units. 
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(e) (d) (e) 
Figure 3-10: Results comparison of the mice MPS with expansion load. a) Ossification results after the 
cellular migration occurs at 20 time units. b) Ossification results after the cellular migration occurs at 
40 time units. c)Histological image of an expanded suture obtained from the experimental results 
(Chapter 2) d) Real expanded MPS of mice obtained from the literature. Taken from [8]. e) Real 
expanded MPS ofrats obtained from the literature. Taken from [116]. 
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3.3.2 Simulation results of the human MPS 
Figure 3-11 showed the steady-state concentration distributions, in time, of the Activator 1 and In-
hibitor 1 in the human midpalatal suture with the vibration modes established in Table 3-1. In a similar 
way with the mice results, areas with higher concentration of the activating factor show low substrate 
concentration and vice versa. Comparing the different vibration modes, it is observed that the first four 
modes produce regular patterns. However, the generated patterns by the (1, 0), (2, 1) modes developed 
a "striped" type distribution while the (1, 1) and (2, O) modes a "spot'' distribution. The (2, 2) mode 
did not produce a regular pattern. Therefore, the "spot" patterns were selected to analyze the suture 
formation process with and without the presence of externa! loads beca use the "striped" patterns could 
not generate an ossification process that fit the reality. 
The results of the human MPS formation process, in absence of externa! mechanical stimuli, are shown 
in Figures 3-12 and 3-13 for the (1, 1) and (2, O) modes, respectively. Figures 3.12(a) and 3.13(a) 
present the activating factor concentration in steady-state after 500 time units. Figures 3.12(b) and 
3.13(b) show the initial state of the MPS when the ossification algorithm begins to decide the places 
that must be ossified or reabsorbed, depending on the concentration values of the activating and the 
substrate factors. In this case, according to the numerical experimentation, the threshold values for 
activating factor was Sa-thr = 1.35 and for the susbtrate factor was Ss-thr = 1.11. The other images 
of each figure show the evolution of the remodeling process when t reaches 525, 550, 575 and 600 
time units. After 600 time units, the algorithm was not able to converge or showed results that were 
far from a real suture. This is probably due to the fact that, with the ossification generated within the 
suture, the domain on which the chemical factors were interacting lost continuity. In Figure 3-14 is 
possible to observe the final results obtained in the computational simulations and compare them with 
a simplified outline of the morphology evolution of the MPS reported by Kumar et aL [6] and with 
histological images reported in the literature [105, 107]. As it can be seen, the two vibration modes 
can reproduce possible scenarios of the suture morphology evolution. Nevertheless, the vibration mode 
(1, 1) presents a behavior that is more in line with that described by Kumar et al. [6] and with the real 
suture images, generating an interdigitation pattern that could be considered scalloped. This vibration 
mode will be considered to the model with expansion loads. 
In the same way as it was done with mice, for the models where the expansion load was taking into 
account, four periods of time were established: the initial state, when the cellular migration occurs due 
to the application of the expansion load, when the chemical factors interact in the expanded suture and 
the Thring instability emerges and, finally, when the ossification and reabsorption processes are carried 
out as a consequence of the molecular concentrations. In agreement with this, Figure 3-15 presents 
the results obtained for the models with the application of the expansion load. The first image (Figure 
3.15(a)) shows the initial state of the suture. Figure 3.15(b) and Figure 3.15(c) correspond to the 
suture when the cellular migration processes occurs and the steady-state of the molecular factors was 
reached, respectively. In the lower part of the Figure 3.15(b), two blue marks can be seen that highlight 
the advance of the bone margins as a consequence of the chemotaxis model. In the last four images 
(Figures 3.15(d) to 3.15(g)) the suture morphology evolution can be observed. The changes in the 
morphology at the bone margins is due to the bone deposition and reabsortion processes as a result 
of the Schankenberg model. The presented results show until t = 900 time units, after this value the 
software could not make the system converge; as explained in the models without expansion loads, this 
is possibly due to the loss of continuity in the suture domain. 
Figure 3.16(a) shows the final state of the model in presence of expansion loads but highlighting the 
sutura! tissue. The purpose of this image is to allow the comparison with histological images obtained 
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Figure 3-11: Molecular factors concentrations found in the human MPS with different vibration 
modes. Concentration of a) Activator 1 and b) Inhibitor 1 with (1, O) mode. Concentration of e) 
Activator 1 and d) Inhibitor 1 with (1, 1) mode. Concentration of e) Activator 1 and f) Inhibitor 1 with 











Figure 3-11 (Continued): Molecular factors concentrations found in the human MPS with different 























Figure 3-12: Human MPS formation without externalloads and with (1, 1) vibration mode. a) 
Molecular distribution of the activating factor concentration in steady-state b) t = SOO. e) t = S2S. 
d) t =SSO. e) t = S7S. f) t = 600. t are in time units. 
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Figure 3-13: Human MPS formation without externalloads and with (2, O) vibration mode. a) 
Molecular distribution of the activating factor concentration in steady-state b) t = SOO. e) t = S2S. 
d)t =SSO. e)t = S7S. f)t = 600. tare in time units. 
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Figure 3-14: Results comparison of the human MPS without externalloads. a) Result obtained with 
the (1, 1) vibration mode. b)Result obtained with the (2, O) vibration mode. e) Outline of the initial 
state of the suture reported by Kumar et al .. Taken from [ 6]. d) Outline of the the suture in early 
adolescence reported by Kumar et al.. Taken from [6]. e) Real human MPS obtained from the 
literature. Taken from [105]. f) Real human MPS obtained from the literature. Taken from [107]. 
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Figure 3-15: Human MPS formation with expansion load and (1, 1) vibration mode. a) Initial state of 
the suture. b) Expanded suture with advancement of the bone margin dueto cell migration at 800 
time units (the blue markers highlight the advance of the bone margins). e) Distribution of the 
activating factor concentration in steady-state in the expanded suture (t = 800 time units). Bone 
remodeling processes in the expanded suture at d) 825, e) 850, f) 875 and g) 900 time units. 
51 
4. Discussion CHAPTER 3. MECHANOBIOLOGICAL MODEL 
in the literature (Figures 3.16(b) and 3.16(c)). In the case ofthe mice MPS, the experimental images 
available in the literature correspond to expanded sutures and MPS morphology images without loads 
are very few. In contrast, in the human case, the images reponed in the literature are related with 
sutures in the absence of expansion loads and it was not possible to find images that show a real human 
MPS, or a real MPS of similar species, after a expansion procedure. Therefore, the comparison was 
made with images where possible interdigitation patterns are observed. These images were taken from 














Figure 3-16: Results comparison of the human MPS morphology. a) Suture morphology after the 
expansion and the bone remodeling process obtained by the computational simulation. b) Real swine 
MPS of obtained from the literature. Taken from [101]. e) Real ape MPS of obtained from the 
literature. Taken from [102]. 
3.4 Discussion 
This chapter presents a mechanobiological model of the midpalatal suture formation process in two 
different scenarios; with and without externa! expansion loads. The difference between these scena-
rios is that in presence of tensile forces, the biological system generates a cellular migration from the 
periosteum into the suture to produce bone layers adjacent to the bone margins and, in this way, com-
pensate the separation generated dueto the expansion [20, 63]. Thus, a mathematical model, based on 
Chemotaxis and Schnakenberg biological models, was proposed to describe the cellular and molecular 
behaviors inside the suture tissue and their influence in the bone-suture-bone interface. The Cherna-
taxis part of the model sought to reproduce the aforementioned cellular migration phenomenon while 
the Schnakenberg part tried to simulate the characteristic morphological changes that the suture could 
have during the growth [ 4]. Both parts of the mathematical model were proven in mice and human 
MPS domains. 
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The results obtained show that the proposed model is a good approximation of the advancement and 
remodeling processes of the bone margins in the midpalatal suture. As shown in Figure 3-10, the model 
achieve to reproduce the cells concentration, which come from the periosteum, at the ends of the mice 
suture, both on the bucea! and nasal sides. In humans, the advance of the bone margin is given in a 
more uniform way (Figure 3.1S(b)); in spite ofnot finding experimental evidence ofthis, it can be seen 
that it coincides with the theoretical approach postulated by different authors such as Consolara [20] 
or Sawada [63]. Additionally, it can be observed that the interaction between the molecular factors 
defined by the model results in 1\Iring instabilities, both in the mice domain (Figure 3-4) and in humans 
domain (Figure 3-11). Severa! authors have related the formation ofthis type of patterns with processes 
of morphogenesis [54, 73, 75, 123]; which allowed that, based on the factors concentration, the suture 
ossification and bone reabsorption criteria were established. The results in mice do not allow to conclude 
anything in particular about the performance of this part of the model. However, when carrying out the 
analysis in humans it is observed that the model is able to reproduce the suture morphological changes. 
In the absence of externalloads, the initial formation of the suture interdigitation was obtained while, 
in the expanded suture, morphologies with more complex interdigitations were achieved. This can be 
attributed to the fact that the unexpanded suture causes that ossification bridges to be generated more 
quickly, preventing the domain continuity in which the molecular factors interact. In consequence, the 
model does not allow more iterations over time dueto a lack of convergence or produces results that are 
far from the morphology of a real suture. It should be noted that even when the histological image of 
Figure 3.16(b) corresponds toa swine tissue without expansion loads, a high similarity can be observed 
between the pattern generated by the simulation and the real biological tissue. 
Previous investigations of mechanobiological models developed in cranial sutures have been reponed 
[25, 72-75]. However, according to the literature review performed for the elaboration of this work, no 
evidence has been found of models that describe the cellular and molecular processes in facial sutures 
such as the midpalatal suture. This aspect is of great importance since there are certain anatomical, 
morphological and biological variables that are fundamental to be able to reproduce the formation 
processes of the MPS as such. For example, the presence of the Dura mater in the skull, the Y form that 
the MPS has, the lowossification percentage ofthis suture during the growth (on average 3.11% [lOS]), 
among others. Therefore, according to the above, this would be the first mechanobiological model 
developed to represent the biological processes present specifically in the midpalatal suture. However, 
as explained previously, a strong limitation of this study has been the scarce information that is found 
regarding the midpalatal suture; both to feed and to valida te the model. Evidence of this is that it was 
not possible to define exactly the molecular factors that fulfill the signaling functions (Figure 3-1) or 
the roles of Activator 1, Inhibitor 1 and Activator 2 (Figure 3-2). Nevertheless, dueto the experimental 
results it was possible to propase sorne candidates that could carry out these tasks. This would open 
a research door focused on establishing exactly those factors and determining particular properties of 
them, within the MPS, that would allow to take the proposed model of its non-dimensional form to a 
model fed by real parameters. 
3.5 Conclusions 
• The results show that the proposed mathematical model successfully reproduce the phenomenon 
of cellular migration that occurs as a consequence of the expansion loads application. Therefore, 
the choice of an approach based on the chemotaxis biological model can be considered appropri-
ate. 
• The mathematical model developed in this chapter allows to generate distributions of the mo-
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lecular factors concentrations characterized by spatial instabilities known as Thring instabilities. 
These distributions, as in other investigations reponed in the literature, were used to simulate 
remodeling processes at bone margins. In agreement with the results evidenced in the human 
midpalatal suture, it seems that this approach properly simula tes the initial states of the morpho-
logical changes suffered by the suture during the growth and allows to reproduce interdigitation 
patterns of greater complexity in expanded sutures. 
• According to the literature review, it seems that the mathematical model proposed in this chapter 
is the first mechanobiological model developed specifically in the midpalatal suture. Despite the 
limitations, the model achieves to simulate the formation processes of this suture as a result of 
the migration and cellular activity at the bone margins. 
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